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ASTRONOMY. 


1.  Astronomy  was  first  studied  as  an  art;  subservient  to 
the  purposes  of  social  life.  Some  knowledge  of  the  celes- 
tial motions  was  necessary,  in  every  state  of  society,  that 
we  might  mark  the  progress  of  the  seasons,  which  regulate 
the  labours  of  the  cultivator,  and  the  migrations  of  the 
shepherd.  It  is  necessary  for  the  record  of  past  events, 
and  for  the  appointment  of  national  meetings. 

While  the  motions  of  the  heavenly  bodies  afford  us  the 
means  of  attaining  these  useful  ends,  they  also  present  to 
the  curious  philosopher  a  series  of  magnificent  phenomena,  ( 
the  operation  of  the  greatest  powers  of  material  nature ; 
and  thus  they  powerfully  excite  his  curiosity  with  respect 
to  their  causes.  This  circumstance  alone  makes  the  celes- 
tial motions  the  proper  objects  of  attention  to  a  student  of 
Mechanical  Philosophy,  and  he  has  less  concern  in  the 
beautiful  regularity  and  subordination  which  have  made 
them  so  subservient  to  the  purposes  of  Navigation,  of 
Chronology,  and  the  occupations  of  rural  life. 

But  the  purposes  of  the  mechanical  philosopher  cannot 
be  attained  without  attending  to  that  beauty,  regularity, 
and  subordination.  These  features  are  exhibited  in  every 
circumstance  of  the  celestial  motions  that  renders  them- 
susceptible  of  scientific  arrangement  and  investigation ;  and 
a  philosophical  view  cannot  be  taken,  without  the  same  ac- 
curate knowledge  of  the  motions  that  is  wanted  for  the  arts 
of  life.  It  must  be  added,  that  society  never  would  have 
derived  the  benefits  which  it  has  received  from  astronomy, 

Vol.  HI.  A 


KibyGoogle 


X  A8TB0KO1IY. 

without  the  labours  of  the  philosopher ;  for,  had  not  New- 
ton, or  some  such  exalted  genius  as  Newton,  speculated 
about  the  deflecting  forces  which  regulate  the  motions  of 
the  solar  system,  we  never  should  have  acquired  that  ex- 
quisite knowledge  of  the  mere  phenomena  that  is  absolutely 
necessary  for  some  of  the  moat  important  applications  of 
them  to  the  arts.  It  was  these  speculations  alone  that 
have  enabled  our  navigators  to  proceed  with  boldness 
through  untried  seas,  and  in  a  few  years  have  almost  com- 
pleted the  survey  of  this  globe.  And  thus  do  we  expe- 
rience the  most  beneficial  alliance  of  philosophy  and  art. 

Since  the  motions  of  bodies  are  the  only  indications, 
characteristics,  and  measures  of  moving  forces,  it  is  plain, 
that  the  celestial  motions  must  be  accurately  ascertained, 
that  we  may  obtain  the  data  wanted  for  the  purpose  of 
philosophical  inference.  To  ascertain  these  is  a  task  of 
great  difficulty ;  and  it  has  required  the  continual  efforts 
of  many  ages  to  acquire  just  notions  of  the  motions  exhi- 
bited to  our  view  in  the  heavens.  For  the  same  general 
appearances  may  be  exhibited,  and  the  same  perceptions 
obtained,  and  the  same  opinions  will  be  formed,  by  means 
of  motions  very  different ;  and  it  is  frequently  very  diffi- 
cult to  select  those  motions  which  alone  can  exhibit  every 
observed  appearance.  If  a  person  who  is  in  motion  ima- 
gines that  he  is  at  rest,  and  assumes  this  principle  in  bis 
reasonings  about  the  effects  of  the  motions  which  he  per- 
ceives, he  mistakes  the  conclusions  which  he  draws  for  real 
perceptions ;  and  calls  that  a  deception  of  sense,  which  is 
really  an  error  in  judgment  Errors,  in  our  opinions  con- 
cerning the  motions  of  the  heavenly  bodies,  are  necessarily 
accompanied  by  false  judgments  concerning  their  causes. 
Therefore,  an  accurate  examination  of  the  motions  which 
really  obtain  in  the  heavens,  must  precede  every  attempt 
to  investigate  their  causes. 

The  most  probable  plan  for  acquiring  a  just  and  satis- 
factory knowledge  of  these  particulars,  is  to  follow  the  steps 
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of  our  predecessors  intbia  study,  and  fin*  to  conindcr  the 
note  geamsal  and  obvious  pi  mini  saw  iin  From  these  ire 
must  dedace  Ac  opinions  which  mot  obviously  suggest 
*MBBBl»e«,_to  be  ourmled  afterwards,  by  comparing  <bcoi 
with  other  phenomena,  which  may  happen  to  be  i 
enable  with  them. 


ASTRONOMICAL  PHENOMENA. 

2.  To  an  observer,  whose  view  on  all  aides  is  bounded 
only  by  the  sea,  the  heavens  appear  a  concave  sphere,  of 
wraoh  the  eye  is  the  centre,  studded  with  a  great  number 
of  luminous  bodies,  of  which  the  Sun  and  Moon  are  the 
most  remarkable.     This  sphere  is  called  the  miwt  on 

TBI  BTABJLY  HKAVENB. 

The  only  distances  in  the  heavens  which  are  the  imme- 
diate objects  of  our  observation,  are  arches  of  great  circles 
passing  through  the  different  points  of  the  starry  heavens. 
Therefore,  all  astronomical  computations  and  measure- 
ments are  performed  by  the  rules  of  spherical  trigonome- 
try- 

S.  We  see  only  the  hah?  of  die  heavens  at  a  time,  the 
other  half  being  hid  by  the  earth  on  which  we  are  placed. 
The  great  circle  HfiOD,  (Fig.  1.)  which  separates  the 
visible  hemisphere  H  Z  0  from  the  invisible  hemisphere 
H  N  O,  is  called  the  homzom.  Tins  is  marked  out  on 
the  starry  heavens  by  the  farthest  edge  of  the  sea.  The 
point  Z  immediately  over  the  head  of  the  observer  is  called 
the  zkmitb  ;  and  the  point  N,  diametrically  opposite  to  it, 
is  called  the  nadik. 

4.  The  zenith  and  nadir  are  poles  of  the  horiaon. 

8.  If  an  observer  looks  at  the  heavens,  while  a  plummet 
is  suspended  before  his  eye,  the  plumb  line  will  marie  out 
on  the  heavens  a  quadrant  of  a  circle,  whose  plane  b  per- 
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pendicular  to  the  horizon,  and  which  therefore  posses 
through  the  zenith  and  nadir,  and  through  two  opposite 
points  of  the  horizon.  Z  O  N  H  and  Z  B  N  D  are  such 
circles..    They  are  called  vertical  chicles  and  azimuth 

CIBCLEE. 

6.  The  altitude  of  any  celestial  phenomenon,  such  as 
a  star  A,  is  the  angle  ACB,  formed  in  the  plane  of  the 
vertical  circle  Z  A  N,  by  the  horizontal  line  C  B  and  the 
line  C  A.  This  name  is  also  given  to  the  arch  A  B  of  the 
vertical  circle  which  measures  this  angle.  The  arch  Z  A 
is  called  zenith  distance  of  the  phenomenon. 

7.  The  azimuth  of  the  phenomenon  is  the  angle  OCB, 
or  0  Z  B,  formed  between  the  plane  of  the  vertical  circle 
Z  A  B  passing  through  the  phenomenon,  and  the  plane  of 
some  other  noted  vertical  Z  O  N.  The  arch  C  B  of  the 
horizon,  which  measures  this  angle,  is  also  frequently  call- 
ed the  azimuth. 

8.  The  starry  heavens  appear  to  turn  round  the  earth, 
which  seems  pendulous  in  the  centre  of  the  sphere;  and 
by  this  motion,  the  heavenly  bodies  come  into  view  in  the 
east,  or  sise  ;  they  attain  the  greatest  altitude,  or  culmi- 
nate, and  disappear  in  the  west,  or  set.     This  is  called 

the  FIRST  MOTION. 

9-  This  motion  is  performed  round  an  axis  N  S  (Fig.  2.) 
pa&sing  through  two  points,  N,  S,  called  the  poles  of  the 
world.  In  consequence  of  this  motion,  a  celestial  ob- 
ject A  describes  a  circle  AD  BF,  through  the  centre  C  of 
which  the  axis  N  S  passes,  perpendicularly  to  its  plane. 
This  motion  may  be  very  distinctly  perceived  as  follows  : 
Let  a  point,  or  sight,  be  fixed  in  the  inside  of  a  sky-light 
fronting  the  north,  and  inclined  southwards  from  the  per- 
pendicular at  an  angle  equal  to  the  latitude  of  the  place. 
An  eye  placed  at  this  point  will  see  the  stars  through  the 
glass  of  the  window.  Let  the  points  of  the  glass,  through 
which  a  star  appears  from  time  to  time,  be  marked.  The 
marks  will  be  found  to  lie  in  the  circumference  of  a  circle , 
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the  centre  of  which  will  mark  the  place  of  the  pole  in  the 


10.  Those  stare  which  are  farthest  from  the  poles  will 
describe  the  greatest  circles ;  and  those  will  describe  the 
largest  possible  circles  which  are  in  the  circumference  of 
the  circle  jEW  Q  E,  which  is  equidistant  from  both  poles. 
This  circle  is  called  the  k«iiatoh,  and,  being  a  great  cir- 
cle, it  cuts  the  horizon  in  two  points,  £,  W,  diametrically 
opposite  to  each  other.  They  are  the  east  and  west  points 
of  the  horizon. 

11.  If  a  great  circle  ANQSJ!  passes  through  the 
poles  perpendicularly  to  the  horizon  H  WO  E,  it  will  cut 
it  in  the  north  and  south  points ;  and  any  star  A  will  ac- 
quire its  greatest  elevation  when  it  comes  to  the  semicircle 
N  AS,  and  its  greatest  depression  when  it  comes  to  the  se- 
nrirircle  N  B  S ;  and  the  arch  D  A  F  of  its  apparition  will 
be  bisected  in  A. 

IS.  If  the  circle  A  D  B  F  of  revolution  be  between  the 
r  and  that  pole  N  which  is  above  the  horizon,  the 
it  portion  of  it  will  be  visible ;  but  if  it  be  on  the 
other  side  of  the  equator,  the  smallest  portion  will  be  visi- 
ble. One  half  of  the  equator  is  visible.  Some  circles  of 
revolution  are  wholly  above  the  horizon,  and  some  are 
wholly  below  it  .  A  star  in  one  of  the  first  is  always  seen, 
and  one  in  the  hut  is  never  seen. 

13.  The  distance  AM  of  any  point  A  from  the  equa- 
tor is  called  its  declination,  and  the  circle  ADBF, 
being  parallel  to  the  equator,  is  called  a  pakalxel  of  dx- 


14.  The  angle  &  C  H,  contained  by  the  planes  of  the 
equator  and  horizon,  is  the  complement  of  the  angle  NCO, 
which  is  the  etevatien  of  the  pole. 

15.  The  revolution  of  the  starry. heavens  is  perform- 
ed in  28"  56*  1".  It  is  called  the . Djus.it al  revolution. 
No  appearance  of  inequality  has  been  observed   in   it ; 
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and  it  is  therefore  assumed  as  the  meet  perfect  measure  ef 
time. 

16>  The  time  of  the  diurnal  apparition  or  duparitibn 
of  a  point  of  the  atnrsy  heavens  is  bisected  hi  the  instant 
of  its  culmination  or  greatest  oVprcsrioO.  The  Sua,  there- 
fore, ■  in  the  circle  NASQ at  noon.  For  this  reason  the- 
circle  N  A  S  Q  is  called  the  MCMBIAK 

Vk  A  phenomenon,  whose  circle  of  dhtrnal  zevolntLotn 
A  D  B  F  is  on  the  same  side  of  the  eqaator  with  the  ele- 
vated pole,  is  longer  visible  than  it  is  invisible.  The  con- 
trary obtains  if  it  be  on  the  other  side  of  the  equator. 

18.  Any  great  circle  HAMS,  or  NBLS,  (Fig.  &> 
passing  through  the  poles  of  the  workt,  is  called:  an  hots 

C1BCT.R. 

19.  The  angle  JGL,  or  ANL,  contained  between 
the  plane  of  the  hour-circle  N  B"L  Ss  passing  threugh  any 
phenomenon  B,  and  the  plane  of  the  hour  cwcfe  NiH9y 
passing  through  a  certain  noted  point  M  of  the  equator,  is 
caBed  the  niasrr  ascbmstoh  of  the  phenomenon.  The  in- 
tercepted arch  jB'L  of  the  equator,  which  measures  this 
angle,  is  eaued  by  the  same  name. 

2Q.  In  assigning  die  place  of  any  celestial  phenomenon, 
we  cannot  use  any  points  of  the  earth  as  points  of  reftiv. 
eace.  The  starry  heavens  afford  a  very  convenient  means 
for  this  purpose.  Most  of  the  stars  retain  their  relative 
aitnatJons,  and  may  therefore  be  used  as  so  many  points  of 
reference.  The  application  of  this  to  our  purpose  requires 
a  knowledge  of  the  positions  of  the  stars.  This  may  be 
acquired.  The  difference  between  the  meridional  altitude 
of  a  star  Jt,  and- of  the  equator,  gives  the  arch  A  M,  inter- 
cepted between  the  equator  and  the  parallel  of  declinatioti, 
or  circle  of  diurnal  Kvohition  AS  D,  described  by  the 
star.  And  the  time  which  elapses  between  the  passage  of 
this  star  over  the  meridian,  and  the  passage  of  that  point 
£"of  the  equator  from  which  the  right  of  ascensions  are 
computed,  gives  the  arch  M  L  of  the  equator  which  has 
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pMHnrt  during  this  interval.  Therefore,  an  hour  circle 
MLS  being  draws'  through  th«  point  L  of  the  equator, 
and  a  cnrole  of  revolution  ABD  being  drawn  at  the  oh- 
temd  distance  A  M  from  the  equator,  the  plade  of  the 
■tar  will  be  bund  in  their  iiftersection  B. 

81.  Globe*  and  maps  have  been  made,  on  which  the  re- 
pwaantatioBe  of  the  atara  hare  been  placed,  in  positions  to. 
nwar  to  their  real  positions ;  and  catalogues  of  the  stars 
asm  been  earn  posed,  in  which  every  star  is  set  down  with 
ioj  declination  and  right  ascension,  this  being  the  most  con- 
it  arrangement  for  the  practical  astronomer.  Their 
s  and  latitudes  (to  be  explained  afterwards)  are 
also  set  down,  in  separate  columns.  The  most  noted  of 
all  these  is  the  bmtanhic  catalogue,  constructed  by  Dr 
Fkmstead,  from  his  own  observations  in  the  Royal  Obser- 
vatory at  Greenwich.  This  catalogue  contains  the  places 
of  8000  stare.  It  is  accompanied  by  a  collection  of  maps, 
known  to  all  astronomers  by  the  title  of  atlas  cklkbtib. 
An  useful  abridgment  of  both  has  been  published  by  Bade 
m  Berlin,  and  by  Fortm  in  Paris,  in  small  quarto.  Two 
planispheres  have  also  been  published  by  Senex,  in  London, 
constructed  from  the  same  observations,  and  executed  with 
uncommon  elegance ;  as  also  a  particular  map  of  that  sone 
of  the  heavens  to  which  all  the  planetary  motions  are  limit- 
ed. This  is  also  executed  with  superior  elegance  and  ac- 
curacy. The  place  of  any  phenomenon  may  be  ascertain- 
ed in  it  within  5'  of  the  truth,  by  mere  inspection,  without 
calculation,  scale,  or  compasses.  No  astronomer  should  be 
unprovided  with  it 

22.  All  these  representations  and  descriptions  of  the 
starry  heavens  become  obsolete,  in  some  measure,  in  ooo> 
sequence  of  a  gradual  change  in  the  declination  and  right 
ascension  of  the  stars.  But  as  this  may  be  accurately 
computed,  the  inape  and  catalogues  retain  their  original 
value,  requiring  only  a  little  trouble  in  accommodating 
them  to  the  present  state  of  the  heavens.     The  Britannic 
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Catalogue  and  Atlas  are  adjusted  to  tbe  state  of  the  hea- 
vens in  1690 ;  and  the  planispheres,  Sec.  by  Senex,  are  the 
same.     The  editions  of  Paris  and  Berlin  are  for  1750. 

88.  Id  these  maps  arid  catalogues,  it  has  been  found 
convenient  to  distribute  the  stars  into  groupes,  called  con- 
stellations ;  and  figures  are  drawn,  which  comprehend 
all  the  stars  of  a  group,  and  give  them  a  sort  of  connexion 
and  a  name.  Each  star  is  distinguished  by  its  number  in 
the  constellation,  and  also  by  a  letter  of  the  alphabet 
Thus,  the  most  brilliant  star  in  the  heavens,  the  Dog  star, 
or  Sirius,  is  known  to  all  astronomers  as  No  9,  or  as  -  Cania 
Mqjorit.  The  numbers  always  refer  to  tbe  Britannic  ca- 
talogue, it  being  considered  as  classical. 

24.  Since  the  publication  of  that  work,  however,  great 
additions  have  been  made  to  our  knowledge  of  the  starry 
heavens,  and  several  catalogues  and  atlases  have  been 
published  in  different  parts  of  Europe.  Of  the  catalogues, 
the  most  esteeemed  are,  I.  a  small  catalogue  of  389  stars, 
the  places  of  which  have  been  determined  with  the  utmost 
care  by  Dr  Bradley,  at  the  Greenwich  Observatory ;  2.  a 
catalogue  of  the  southern  stars  by  Abbe?  de  la  Caille ;  3.  a 
catalogue  of  the  zodiacal  stars  by  Tobias  Mayer  at  Gottin- 
gen ;  and,  lastly,  a  new  atlas  oelestis,  consisting  of  a  cata- 
logue and  maps  of  the  whole  heavens,  and  containing  above 
15,000  stars,  by  Mr  Bode  of  Berlin.  The  Rev.  Mr  Fr. 
WoUaston  published,  in  1780,  a  specimen  of  a  general 
astronomical  catalogue  of  the  fixed  stars,  arranged  accord- 
ing to  their  declinations,  folio,  London,  1780.  This  is  a 
most  valuable  work,  containing  the  places  of  many  thou- 
sand stars,  according  to  the  catalogues  of  Flamstead,  La 
Caille,  Bradley,  and  Mayer.  These  being  arranged  in 
parallel  columns,  we  see  the  differences  between  the  deter- 
minations of  those  astronomers,  and  are  advertised  of  any 
changes  which  hare  occurred  in  the  heavens.  The  cata- 
logue is  accompanied  by  directions  for  prosecuting  mis 
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method  of  obtaining  a  minute  survey  of  the  whole  starry 


In  the  valuable  astronomical  tables  published  in  1776 
by  the  academy  of  Berlin,  Mr  Bode  has  given  a  similar 
synopsis  of  die  catalogues  of  Flamatead,  La  Caille,  Bradley, 
and  Mayer,  not  indeed  so  extensive,  nor  so  minute,  as 
Wollastoii's,  but  of  great  use.* 

25.  Having  thus  obtained  maps  of  the  heavens,  the 
place  of  a  celestial  phenomenon  is  ascertained  in  a  variety 
of  ways.  1.  By  its  observed  distance  from  two  known  stars. 
2.  By  its  altitude  and  azimuth.  S.  Most  accurately,  by  its 
right  ascension  and  declination, 

26.  This  last  being  the  most  accurate  method  of  ascer- 
taining the  place  of  any  celestial  phenomenon,  observations 
of  meridional  altitude,  and  of  transits  over  the  meridian, 
ate  die  most  important.  For  an  account  of  the  manner  of 
conducting  these  observations,  and  a  description  of  the  in- 
struments, we  may  consult  Smith's  Optics,  vol.  II. ;  Mr 
Vince'a  Treatise  of  Practical  Astronomy;  La  Lande's 
Astronomy,  &cf  The  mtjbal  quadrant,  transit  w 
steument,  and  clock,  are  therefore  the  capital  furniture  of 
an  observatory;  to  which,  however,  should  be  added  an 
zouatokial  instrument  for  observing  phenomena  out  of 
the  meridian.  Other  instruments,  such  as  the  ksual  al- 
titude   INSTRUMENT,     the     BHOMBOIDAL     RETICuXA,     the 

zenith  sector,  and  one  or  two  more,  are  fitted  for  astro* 
nomers  on  a  voyage. 

87.  The  position  of  die  meridian,  and  the  latitude  of  the 
■y,  must  be  accurately  determined.    There  are  va- 


•  This  Catalogue,  reduced  to  1920,  is  published  in  the  Edinsubgh 
Ehctclofadia,  Art  astronomy,  vol.  II.  p.  Its. Ed. 

t  An  account  of  the  modern  astronomical  instruments,  aa  made  by 
Mr  Troughton,  and  the  method  of  using  them,  will  be  found  in  the 
EviMsouiB  ExcvcLorApi*,  Articles  Astbonowt,  Circle,  Osssa- 
TiToar,  Arc.— Ed. 
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nous  methods  of  determining  the  meridian.  The  most  ac- 
curate is  to  view  a  circumpolar  star  through  a  Ule  scope 
which  ha*  an  accurate  notion  in  a  vertical  plane,  and  to 
change  the  position  of  the  telescope  till  the  times  winch 
elapse  between  the  successive  upper  and  lower  transits  of 
Ac  star  are  precisely  equal.  The  instrument  is  then  in  the 
plane  of  the  meridian  (Fig.  4.) 

28.  In  order  to  find  the  declination  of  a  phenomenon 
more  readily,  it  is  convenient  to  know  the  inclination  of  the 
a«g  of  diurnal  revolution  N  S  (Fig.  3.)  to  the  horizon,  c* 
the  elevation  of  the  pole  N.  The  best  method  far  this  pur 
pose  is  to  observe  the  greatest  elevation  I  0,  and  the  least 
elevation  KO,  of  some  circumpolar  star.  The  elevation  of 
the  pole  N  is  half  the  sum  of  those  elevations. 

29.  The  'elevation  of  the  pole  is  different  in  different 
places.  An  observer,  situated  69J  statute  miles  due  north, 
of  another,  will  find  the  pole  elevated  about  a  degree  more 
above  his  horizon.  From  observations  of  this  kind,  the 
bulk  and  shape  of  the  earth  are  determined.  For  it  is  plain 
that  860  times  69^  miles  must  be  the  circumference  of  the 
globe.  It  is  round  to  be  nearly  an  elliptical  spheroid,  of 
which  the  axis  is  7904  miles,  and  the  greatest  diameter  79*0 
miles.  This  deviation  from  perfect  sphericity  has  been  dis- 
covered by  measuring,  in  the  way  now  mentioned,  a  degree 
of  the  meridian  in  different  latitudes.  One  was  measured 
in  Lapland,  in  latitude  66°  20*,  and  it  measured  128,457 
yards,  exceeding  691  nriles  by  137  yards*.  Another  was 
measured  at  Peru,  crowing  the  very  equator.  It  contained 
121,027  yards  railing  short  of  69}  miles  by  1X9*  yards, 
and  wanting  1430  yards,  or  almost  a  mile,  of  the  other. 
Other  degrees  have  been  measured  in  intermediate  lati- 
tudes ;  and  it  is  clearly  established,  that  the  degrees  gra* 


*  This  degree  is  tupposed  to  be  800  French  toises  too  great  by 
M.  Snnberg,  who  lately  remeunrcd  it.— Ed. 
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aa  The  length  of  *  degree  is  the  dnttaace  between  twet 

place*  where  the  tangent*  lotbesweface  are  inclined  Wow 
another  «  degree,  or  where  tww  p*Miah' lines,  which  ace 
pBrprwhrrdar  to  die  surfaco  of  standing  weeny  wiU,  whan 


a»gks  of  one  degree.  Thceeriaceof  the ttiUecean  w there- 
ft^larewwait^wlM  wb  ipprearhthepolea,  ocitrequkai 
a  lengar  aaeh  to  hare  the  me  curvature.  It  u  a  degree 
of  a  huger  creek,  aad  hat  a  longer  radio*.  Persona  who 
aon*  uiaauidu  the  thing  attentively^  axe  apt  touaagine, 
from  thie,  that  the  earth  ia  shaped  lake  an  egg;  becauae, 
/wedaawfraaa  ita  centre  line*  C  N  (Big.  6.)  C  O,  CP, 
G  Q,  equally  iaefiaedi  to  cm  another,  the  arches  N  O,  O  P, 
PQ»  will  gra&sslry  inareaae  from  N  toward*  Q.  If  theae 
lines  make-  sagba  of  one  degree  with  case  another,  the;  will 
meet  the  saanee  ia  points  that  are  farther  aad  farther 
asunder,  and  the  degaee  will  appear  to  increase  aa  we  ap- 
proach the  points  £  and  Q,  which  we  auppoeet  at  present, 
Id  be  the  pale*.  Art  let  soch  perrons  reflect,  that  if  theae 
hare  free*  the  centre  are  produced  beyond  the  surface, 
they  cermet  be  plomh  lines,  perpendicular  to  the  surface 
rfsunding  water.  But  if  aa  ellipse  N  E  S  Q  (Fig.  6.)  he 
made  to-  turn  mausd  its  shorter  axis  N  S,  it  will  generate 
a  figure  flatter  rorsat  N  and  S  than  at  E  or  Q.  If  we  draw 
tiro  ansa  a  a>  aad  ft  B  prrprndinalnr  to  the  curve  in  a  and 
b,  and  exceedingly  near  one  another,  they  will  be  tangents 
tea  can*  ABB  F,  be  the  mktkm  of  which  the  elliptic 
qnedrent  B a N  is daacriewd.  AK  ia  the  radius  of  curva- 
tare  rf  the  eqtiatareai  degree  of  the  meridian  EaN.  NF 
it  the  mdioa  of  the  polar  degree*  aiad  a  D  is  the  radius  of 
cunsuueat  trar  iaaenncaUate  latilndle  of  a,  &c  All  litem 
«*  are  plmnh  lines,  pcrpcndicnlai.-  to  the  elliptical  curve 
eftnaeeem 
These  plumb  lines,  thertfarc,  dci  not  meet  in  the  centra 
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of  tbe  earth,  as  is  commonly  imagined,  but  meet  in  succes- 
sion, in  tbe  circumference  of  tbe  evolute  A  B  D  F.  The 
earth  is  not  s  prolate  spheroid  like  an  egg,  but  an  oblate 
spheroid,  like  a  turnip  or  bias  bowl. 

31.  Since  tbe  axis  of  diurnal  revolution  passes  through 
the  centre  of  tbe  earth,  it  marks  on  its  surface  two  points, 
which  are  the  poles  of  tbe  earth.  These  arc  in  the  extre- 
mities of  the  axis  of  tbe  terrestrial  spheroid;  In  like  man- 
ner, tbe  plane  of  tbe  celestial  equator,  passing  through  the 
centre  of  the  earth,  divides  it  into  two  hemispheres,  tbe 
northern  and  southern,  separated  by  (he  terrestrial  equa- 
tor. Also,  tbe  hour  circles,  passing  through  the  earth's 
centre,  mark  on  its  surface  tbe  terrestrial  meridians. 

32.  The  position  of  a  place  on  the  surface  of  tbe  earth 
is  determined  by  its  latitude,  or  distance  from  tbe  ter- 
restrial equator,  and  its  longitude,  or  the  angular  dis- 
tance of  its  meridian,  from  some  noted  meridian. 

39.  Astronomical  observations  are  made  from  a  point  on 
the  surface  of  the  earth,  but,  for  the  purposes  of  compu- 
tation, are  supposed  to  be  made  from  the  centre.  The 
angular  distance  between  the  observed  place  A  (Fig.  6.) 
of  a  phenomenon  S  in  the  heavens,  as  seen  from  a  place  D 
on  tbe  earth's  surface,  and  its  place  B,  as  viewed  from  the 
centre,  is  called  the  paiallax  of  the  phenomenon. 

34.  Besides  the  motion  of  diurnal  revolution,  common 
to  all  the  heavenly  bodies,  there  are  other  motions,  which 
are  peculiar  to  some  of  them,  and  are  observed  by  as  by 
means  of  their  change  of  place  in  the  starry  heavens. 
Thus,  while  the  starry  heavens  turn  round  the  Earth  from 
east  to  west  in  2Sb  66'  4",  the  Sun  turns  round  it  in  84*. 
He  mutt,  therefore,  change  his  place  to  the  eastward  in 
die  starry  heavens.  The  Moon  has  an  evident  motion 
eastward  among  the  stars,  moving  her  own  breadth  in 
about  an  hour.  Then;  are  five  stars  which  are  observed 
to  change  their  places  remarkably  in  the  heavens,  and  are 
therefore  called  FLAVErs,  or  wanderers;  while  those  which 
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do  not  change  their  relative  places  are  called  fixxd  stabs. 
The  planets  are,  Memory,  Vbots,  Mass,  Jupitee,  and 
'  Saturn.  To  these we  ■must,  now  add  the  planet  discover- 
ed in  1781  by  Dr  Ilertchel,  winch  he  called-the  Georgian 
Planet,  in  honour  of  his  sovereign  George  IIL  the  distin- 
guished patron  of  astronomy.  Astronomers  on  the  continent 
have  not  adopted  this  denomination,  and  seem  generally 
agreed  to  call  it  by  the  name  of  the  discoverer.  M.  Piazzi, 
at  Palermo,  has  discovered  another,  and  M.  Olbers,  at  Bre-  . 
men,  a  third,  which  they  have  named  Ceres  and  Pallas.* 
None  of  the  three  are  visible  to  the  naked  eye. 

84.  Planets  are  distinguishable  from  the  fixed  stars  by 
the  steadiness  of  their  light,  while  all  the  fixed  stars  are 
observed  to  twinkle.  The  following  symbols  are  frequent- 
ly  used :  ■  .  . 

Forthe  Sun ©         For  Mars & 

the  Moon J  Jupiter. if 

Mercury 9  Saturn... v tj 

Venus 2  Herschel  or  Uranus.. ..H, 

the  Earth. 3  ' 

The  motions  of  these  bodies  have  become  interesting  on 
various  accounts.  In  order  to  acquire  a  knowledge  of  their 
motions  more  easily,  it  is  convenient  to  abstract  our  atten- 
tion from  the  diurnal  motion,  common  to  all,  and  attend 
only  to  their  proper  motions  among  the  fixed  stars, 

Ofihejjroper  Motions  of  the  Sun. 

35.  We  cannot  observe  the  motion  of  the  Sun  among 
the  fixed  stars  immediately,  on  account  of  his  great  splen- 
dour, which  hinders  us  from  perceiving  the  stars  in  his 


*  A  fourth,  called  Jmo,  wub  afterwards  discovered  by  M.  Harding 
in  1804,  and  a  fifth,  called  Fata,  by  Dr  Olbers,  in  1B0T.  A  very  full 
account  rf  the  Four  New  Planets  will  be  found  in  the  Supplement  to 

Ferguson 'b  Astronomy.— Ed. 
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ntaghbouAaod.  But  we  en  «bnm  the  instant,  of  bis 
coming  to  tie  nwriiftan,  and  his  ntersdionai  altitude  (40.) 
The  San  mat  he  m  that  pint  cf  the  heavens  which  pasM*  ' 
the  incrubsn-at  oat  instant,  and  with  ahstaltkade.  Or 
we  «■  observe  the  paint  of  the  heavens  which  cones  t* 
the  meridian  at  midnight,  with  a  dWhnaooa  as  far  on  one 
aide  of  the  equator  as  the  Sun's  observed  dedication  is  on 
the  other  side  of  it  The  Sun  must  he  in  the  point  of  the 
heavens  which  is  diametrically  opposite  to  this  punt  By 
taking  either  of  these  methods,  but  particularly  the  nrat, 
we  can  ascertain  a  series  of  paints  of  the  heavens  throng)! 
which  the  Sun  pan  pet.  These  are  found  to  be  in  the  cir- 
cumference of  a  great  circle  of  the  sphere  A  8  V  W  fFig- 
7.),  which  cuts  the  celestial  equator  in  two  opposite  points, 
A,  V,  and  is  inclined  to  it  at  an  angle  of  28°  28'  nearly. 
This  circle,  or  Sun's  path,  is  called  the  ecliptic 

3ft  In  consequence  of  the  obliquity  of  the  ecliptic,  the 
Sue's  motion  in  it  is  accompanied  by  a  change  in  the  Sun's 
declination  and  right  ascension,  by  a  change  in  the  length 
of  the  natural  day,  and  by  a  change  of  the  seasons.  There- 
fore, the  revolution  of  the  Sun  in  the  ecliptic  is  performed 
in  a  year, 

87.  The  points,  V,  A,  are  called  equinoctial  points  ; 
because,  when  the  sun  is  in  these  points,  his  circle  cs*  diur- 
nal revolution  is  die  celestial  equator,  and  therefore  the  day 
and  night  are  equal.  The  point  V,  through  which  he 
passes  in  the  month  of  March,  is  called  the  vxenal  equi- 
nox, and  the  point  A  is  called  the  autumnal  equinox. 
The  points  S  and  W,  where  he  is  farthest  from  the  equa- 
tor, are  called  die  solstitial  points,  S  being  the  sum- 
mer, and  W  the  winter  solstice.  The  paranehi  of  declina- 
tion passing  through  the  solstitial  points  are  called  tro- 
pics. 

86.  Right  ascension  is  always  computed  eastward  on  the 
equator,  from  the  vernal  equinox. 
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99.  The  ecliptic  passe*  through  the  eonrteUabom 
Aria,  distinguished  by  the    Libia,  distinguished  by  the 

symbol fi         symbol *=* 

Taurus h      Scorpio m 

Gemini u     Sagittarius. $ 

Cancer as     Capricornus., ># 

Leo ft    Aquarius ~. «s 

Virgo rsg     Pisces , H 

These  ooratellationH  are  called  the  signs  of  the  zodiac  ; 
and  a  motion  from  west  to  east  is  said  to  be  bisect,  or  is 
coifaBQDSMTiA  hovorum,  while  a  contrary  motion  is  called 

ttTBOGKADC,  IN  ANTBCEDENIIA  SIGNO&DM. 

40.  The  changes  of  the  seasons  were  attributed  by  the 
ancients  to  the  influence  of  the  stars  which  were  seen  in  the 
different  seasons  of  the  year. 

41.  The  position  of  the  ecliptic  is  invariable,  and  a  com- 
plete revolution  is  performed  in  365  days,  6  hours,  9  mi- 
nutes, and  11  seconds. 

42.  If  successive  observations  be  made  of  the  Sun1  s  cross- 
ing the  equator,  it  will  be  found  that  the  equinoctial  points 
am  not  fixed,  but  move  to  the  westward  about  50"  in  a 
year,  so  that  they  would  make  a  complete  revolution  in 
about  85,972  years.     This  is  called  the  procession  of  the 

BWTDIOXH. 

43.  Sir  Isaac  Newton  made  a  very  ingenious  and  impor- 
tant inference  from  this  astronomical  fact.  If  we  know  the 
sirnstion  of  the  equinoctial  points  at  the  time  of  any  histo- 
rical event,  the  date  of  the  event  may  be  discovered.  He 
dunks  that  this  position,  at  the  time  of  the  Argonauuc  ex- 
pedition, may  be  inferred  from  the  description  given  by 
Aratus  of  the  starry  heavens.  The  poet  describes  a  celes- 
tial sphere  by  which  Chiron,  one  of  the  heroes,  directed 
their  motions ;  and  from  this  he  deduces  data  for  a  chrono- 
logy of  the  heroic  or  fabulous  ages.  But,  since  the  equi- 
noctial points  shift  only  at  the  rate  of  a  degree  in  72  years, 
and  the  Greeks  were  so  ignorant,  for  ages  after  that  epoch, 
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that  they  did  not  know  that  the  positions  of  the  stars  were 
changeable,  it  does  not  appear  that  much  reliance  can  be 
had  on  this  datum.  We  cannot,  from  the  description  by 
Aratus,  be  certain  of  the  position  of  the  vernal  equinox 
within  five  or  six  degrees.  This  makes  a  difference  of  400 
years  in  the  epochs. 

44.  The  axis  of  diurnal  revolution  is  not  always  the 
same,  and  the  poles  of  the  heavens  describe  (in  25,972  years) 
a  circle  round  the  pole  of  the  ecliptic,  distant  from  it  23° 
28*  10'  nearly. 

45.  On  account  of  the  westerly  motion  of  the  equinoctial 
points,  the  return  of  the  seasons  must  be  accomplished  in 
less  time  than  that  of  the  Sun's  revolution  round  the 
heavens.  The  seasons  return  after  an  interval  of  366"  5"  48' 
45".  This  is  called  a  tbopical  year,  to  distinguish  it  from 
the  interval  365*  6*  9*  11*  called  a  sydebeal  year. 

46.  Astronomers  have  chosen  to  refer  the  places  of  the 
heavenly  bodies  to  the  ecliptic,  on  account  of  its  stability, 
rather  than  to  the  equator.  For  this  purpose,  great  circles, 
such  as  PVp,  PAp  (Fig.  8.)  are  drawn  through  the 
poles  P,p,  of  the  ecliptic.  These  are  called  ecliptic  me- 
ridians. The  arch  AB  of  one  of  these  circles,  intercepted 
between  a  phenomenon  A  and  the  ecliptic,  is  called  the 
latitude  of  the  phenomenon ;  and  the  arch  V  B,  inter- 
cepted between  the  point  V  of  the  vernal  equinox  and  the 
point  B,  is  called  the  longitude  of  the  phenomenon.  This 
is  sometimes  expressed  in  degrees  and  minutes,  and  some- 
times in  signs,  degrees,  and  minutes,  each  sign  consisting  of 
thirty  degrees. 

47.  The  motion  of  the  Sun  in  the  ecliptic  is  not  uniform. 
On  the  first  of  January  his  daily  motion  is  nearly  1°  1'  IS". 
But  on  the  first  of  July,  his  daily  motion  is  57'  13".  The 
mean  daily  motion  is  59'  OS" .  The  Sun's  place  in  the 
ecliptic,  calculated  on  the  supposition  of  a  daily  motion  of 
69  06%  will  be  behind  his  observed  place,  from  the  be- 
ginning of  January  to  the  beginning  of  July,  and  will  be 
before  it,  from  the  beginning  of  July  to  the  beginning  of 
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January.  The  greatest  diflerence  is  about  1°  65'  82", 
which  is  observed  about  the  beginning  of  April  and  Octo- 
ber ;  at  which  times,  the  observed  daily  motion  is  59'  OS". 
48.  This  unequable  motion  of  the  Sun  appeared  to  the 
ancient  astronomers  to  require  some  explanation.  It  had 
been  received  as  a  first  principle,  that  the  celestial  motions 
were  of  the  most  perfect  kind — and  this  perfection  was 
thought  to  require  invariable  sameness.  Therefore  the 
Sun  must  be  carried  uniformly  in  the  circumference  of  a 
figure  perfectly  uniform  in  every  part.  He  must  therefore 
more  uniformly  in  the  circumference  of  a  circle.  The 
astronomers  therefore  supposed  that  the  earth  is  not  in  the 
centre  of  this  circle.  Let  Ai  P  d  (Fig.  9.)  represent  the 
Sun's  orbit,  having  the  earth  in  E,  at  some  distance  from 
the  centre  C.  It  is  plain,  that  if  the  Sun's  motion  be  uni-  , 
form  in  the  circumference,  describing  every  day  5&  08*, 
his  angular  motion,  as  seen  from  .the  earth,  must  be  slower 
when  he  is  at  A,  his  greatest  distance,  than  when  nearest 
to  the  earth,  at  F.  It  is  also  evident  that  the  point  E  may 
be  »  chosen,  that  an  arch  of  59-  08''  at  A  shall  subtend 
an,  angle  at  E  that  is  only  57'  IS",  and  that  an  arch  of  B9/ 
08"  at  P  shall  subtend  an  angle  of  61'  13".  This  will  be 
accomplished,  if  we  make  E  P  to  E  A  as  57  18"  to  6V  18", 
or  nearly  as  14  to  15.  This  was  accordingly  done;  and 
this  method  of  solving'  the  appearances  was  called  the 
acentric  hypothetic.  E  C  is  the  eccbktwcity,  and  P  E 
is  to  P  C  nearly  as  28  to  29. 

49-  But  although  this  hypothesis  agreed  very  well  with 
observation  in  those  points  of  the  orbit  where  the  Sun  is 
most  remote  from  the  earth,  or  nearest  to  it,  it  was  found 
to  differ  greatly  in  other  parts  of  the  orbit,  and  particularly 
about  half  way  between  A  and  P.  Astronomers,  after 
trying  various  other  hypotheses,  were  obliged  to  content 
themselves  with  reducing  the  eccentricity  considerably,  and 
also  to  suppose  that  the  angular  motion  of  59*  09"  per  day 
was  performed,  round  a  point  e  on  the  other  side  of  the 
Vol.  III.  B 
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centre,  at  the  suae  distance  with  &  This,  however,  was 
giving  up  the  principle  of  perfect  motion,  if  its  perfection 
consisted  in  uniformity;  for,  in  this  case,  the  Sun  cannot 
hare  an  uniform  motion  in  the  circumference,  and  also  an 
Uniform  angular  motion  round  t.  Besides,  even  this  amend- 
ment of  the  eccentric  hypothesis  by  no  means  agreed  with 
the  observations  in  the  months  of  April  and  October ;  bat 
they  could  not  make  it  any  batter. 

50.  Astronomical  computations  are  made  on  the  suppo- 
sition of  uniform  angular  motion.  The  angle  proportional 
to  the  time  u  called  the  hxan  motiom,  and  the  place  thus 
computed  is  called,  the  mean  ruci.  The  differences  be- 
tween the  mean  places  and  the  observed,  or  true  places, 
are  called  hujatiovs.    They  are  always  greatest  when 

.  the  mean  and  true  motions  are  equal,  and  they  are  nothing 
when  the  mean  and  true  motions  differ  most.  For,  while 
the  true  daily  angular  motion  is  leas  than  the  mean  daily 
motion,  die  observed  place  falls  more  and  more  behind  the 
calculated  place  every  day  {  and  although,  by  gradually 
quickening,  it  losetiess  every  day,  it  still  lose*,  and  falls 
still  more  behind ;  and  when  the  true  daily  motion  has  at 
met  become  equal  to,  the  mean,  it  loses  no  more  indeed,  but 
it  is  now  the  farthest  behind  that  can  be.  Next  day  it  gams 
a  little  of  the  lost  ground,  but  is  still  behind.  Gaming 
more  and  more  every  day,  by  its  increase  of  angular  me-" 
tion,  it  at  last  comes  up  with  the  calculated  place;  but  now, 
its  angular  motion  is  the  greatest  possible,  and  differs  most 
from  die  equable  mean  motion. 

51.  These  computations  are  begun  from  that  point  of 
the  orbit  where  the  motion  is  slowest,  and  the  mean  angular* 
distance  from  this  point  is  called  the  msas  anomaly.  A 
table  is  made  of  the  equations  corresponding  to  each  degree 
of  the  mean  anomaly.  The  true  anomaly  is  found  by  add- 
ing to,  or  subtracting  from  the  computed  mean  anomaly, 
the  equations  corresponding  to  it 
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Jl  this  manner  may  the  Sun's  longitude,  or  place  in  the 
eeSpde,  be  found  for  any  time. 

52.  In  consequence  of  toe  obliquity  of  the  ecliptic,  anal 
the  Sana  unequal  motion  in  it,  the  natural  days,  or  the  in- 
.  terval  between  two  successive  passages  of  the  Sun  over  the 
Meridian,  are  unequal ;  and  if  a  clock,  which  measures 
966a  5"  4e>  SO"  in  a  tropical  year,  he  couipared  from  day  to 
day  with  an  exact  sun  dial,  they  will  be  found  to  diner,  and 
will  agree  only  four  times  in  the*  year.  This  difference  is 
ealhd  the  squat* on  of  tins,  and  sometimes  amounts  to 
18  minutes.  The  time  shewn  by  the  clock  is  called  wtAV 
■oca*  ran,  and  that  shewn  by  the  dial  is  called  tsuk 
timi  and  aft  aunt  tike. 

68.  The  change  in  the  Sun's  motion  is  accompanied  by 
a  change  in  his  apparent  diameter,  which,  at  the  begin* 
nmg  of  January,  is  about  381  89",  and  at  the  beginning  of 
July  is  about  SI'  84*,  A  less.  This  must  be  ascribed  to 
a  change  of  distance,  which  most  always  be  supposed  in. 
Tersely  proportiotial  to  the  apparent  diameter. 

64.  By  combining  the  observations  of  the  sun1*  place  in 
the  echptie  with  those  of  .his  distance,  inferred  from  the 
apparent;  diameter,  and  by  other  more  decisive,  but  less 
obvious  observations,  Kepler,  a  German  astronomer,  found 
that  his  apparent  path  round  the  earth  is  an  ellipse,  hav- 
ing- the  earth  in  one  focus,  and  having  the  longer  axis  to 
the  shorter  axis  as  200,000  to  199,972. 

The  extremities  A  and  P  of  the  longer  axis  of  the  sun's 
orbit  ABPD  (Fig.  9)  are  called  the  amides.  The 
point  A,  where  the  sun  is  farthest  from  the  earth  (placed 
in  E),  is  called  the  higher  apsis,  or  apooxz,  F  is  the  low. 
tr  apss,  or  raston.  The  distance  £  C  between  the  fo. 
cua  and  centre  is  caled  the  iccentricity,  and  is  1680 
psrtoof  a.  Kbit,,  of  which  the  mean  distance  ED  is  100,000- 

35.  Kepler  obtetved,  that  the  sun's  angular  motion  in 
tots  orbit  was  inversely  proportional  to  the  square  of  his 
distance  from  the)  earth ;  for  he  observed  the  sun's  daily 
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change  of  place  to  be  as  the  square  of  his  apparent  diame- 
ter. Hence,  he  inferred  that  the  radius  vector  £  B  des- 
cribed areas  proportional  to  the  times. 

56.'  From  this  he  deduced  a  method  of  calculating  the 
sun's  place  for  any  given  time.  Draw  a  line  £  F  from  the 
focus  of  the  ellipse,  which  shall  cut  off  a  sector  AEF, 
having  the  same  proportion  to  the  whole  surface  of  the 
ellipse,  which  the  interval  of  rime  between  the  sun's  mat 
passage  through  bis  apogee,  and  the  time  for  which  the  com- 
putation is  made,  has  to  a  sydereal  year;  F  will  be  the  sun's 
true  place  for  that  time.    This  is  called  kcplek's  rfcOBLKV. 

This  problem,  the  most  interesting  to  astronomers,  has 
not  yet  been  solved  otherwise  than  by  approximation,  or  by 
geometrical  constructions  which  do  not  admit  of  accurate 
computation. 

'•  57.  Let  A  B  P  D  (Fig.  9)  be  the  elliptical  orbit,  having 
the  earth  in  the  focus  £ .  A  and  F,  the  extremities  of  the 
transverse  axis,  are  the  apogee  and  perogee  of  the  revolving 
body.  B  D  is  the  conjugate  axis,  and  C  the  centre.  It  is 
required  to  draw  a  line  £  T  which  shall  cut  off  a  sector 
A  E  T,  which  has  to  the  whole  ellipse  the  proportion  of  m 
to  m  ;  in  being  taken  to  n  in  the  proportion  of  the  time 
elapsed  since  the  body  was  in  A  to  the  time  of  a  complete 
revolution. 

Kepler,  who  was  an  excellent  geometer,  saw  that  this 
would  be  effected,  if  he  could  draw  a  line  £  I,  which 
should  cut  off  from  the  circumscribed  circle  A  b  P  d  the 
area  A  E  I,  which  is  to  the  whole  circle  in  the  same  pro- 
portion of  ni  to  n.  For,  then,  drawing  the  perpendicular 
ordinate  I  B,  cutting  the  ellipse  in  T,  be  knew  that  the 
area  A  £  T  has  the  same  proportion  to  the  ellipse  that 
A  £  I  has  to  the  circle.  The  proof  «f  this  is  easy,  and  it 
seems  greatly  to  simplify  the  problem;  Draw  I C  through 
the  centre,  and  make  E  S  perpendicular  to  I C  S.  The 
area  A  E I  consists  of  the  circular  sector  A  C  I,  and  the 
triangle  C  I  E.      The  sector  is  equal  ,to  half  the  rectangle 
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Therefore  it  is  evident  that,  if  we  make  the  arch  XM 
equal  to  the  straight  line  E  S,  the  sector  A  C  M  will  be 
equal  to  the  circular  area  A  C  I,  and  the  angle  A  CM  will 
be  to  860  degrees,  as  tn  to  n. 

58.  Hence  we  see,  that  it  will  be  easy  to  find  the  time 
when  the  revolving  body  is  in  any  point  T.  To  find  this, 
draw  the  ordinate  A  T  I ;  draw  I C  S  and  E  S,  and  make 
I M  =  E  S.  Then,  360*  is  to  the  arch  A  M  as  the  time 
of  a  revolution  to  the  time  in  which  the  body  moves  over 
A  T.  This  is  (in  the  astronomical  language)  finding  the 
mean  anomaly  when  the  true  anomaly  is  given.  The  angle 
A  C  M,  proportional  to  the  time,  is  called  the  mean  ano- 
maly, and  the  angle  A  E  t  is  the  t  rue  anomaly.  The 
angle  A  C  I  is  called  the  anomaly  of  the  eccentric,  or 

the  KCCBNTJUC  ANOMALY. 

59.  But  the  astronomer  wants  the  true  anomaly  corres- 
ponding to  a  given  mean  anomaly.  The  process  here  given 
cannot  be  reversed.  We  cannot  tell  how  much  to  cut  off 
from  the  given  mean  anomaly  A  M,  so  as  to  leave  A I  of  a 
proper  magnitude,  because  the  indispensable  measure  of 
M  I,  namely  E  S,  cannot  be  had  till  I C  S  be  drawn. 
Kepler  saw  this,  and  said  that  his  problem  could  not  be 
solved  geometrically.  Since  the  invention  of  fluxions,  how- 
ever, and  of  converging-  serieses,  very  accurate  solutions 
have  been  obtained.  That  given  by  Fririut  in  bis  Cos- 
ttmgraphia  is  the  same  in  principle  with  all  the  moat  ap- 
proved methods,  and  the  form  in  which  it  is  presented  is 
peculiarly  simple  and  neat.  But,  except  for  the  construc- 
tion tf  original  tables,  these  methods  are  rarely  employed, 
on  account  of  the  laborious  calculation  which  they  require. 
Of  all  the  direct  approximate  solutions,  that  given  by  Dr 
Matthew  Stewart  at  the  end  of  his  Tracts,  Physical  ami 
Mathematical,  published  in  1761,  seems  the  most  accurate 
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and  elegant ;  and  the  calculations  founded  emit  are  even 
shorter  than  the  indirect  methods  generally  employed.  His 
construction  is  as  follows. 
60.  Let  the  angle  A  E  M  be  the  mean  anomaly,  join 
'  E  M,  and  draw  C I  parallel  to  it,  and  M  O  perpendlemW 
to  Cf-  If  the  orbit  i*  not  more  eccentric  than  that  of 
Mara,  make  the  arch  1 1  eqtful  to  the  race**  of  the  arch  M'* 
above  its  sine  M  O.  Then  A I  is  the  eccentric  anomaly 
corresponding  to  the  mean  anomaly  A  M,  and  the  ordinate 
I B  will  cut  the  ellipse  in  T,  so  that  A  E  T  will  be  the 
true  anomaly  required.  The  error  will  not  amount  to  two 
seconds  in  any  part  of  such  orbits.  But,  for  orbits  of 
greater  eccentricity,  another  step  is  necessary.  Join  E  *, 
and  draw  C  Q  parallel  to  E  i,  meeting  the  tangent  i  Q  in 
Q.  Let  D  represent  the  excess  of  the  arch  M  i  above  Its 
sine  M  O*,  and  institute  the  following  analogy,  Bin.  M  C  f  i 
tan.  i  C  Q  =  I> :  i  I,  taking  i  I  from  »  towards  M.  The 
point,  I,  will  be  so  situated  that  the  sector  A  E  I  is  very  ,' 
nearly  equal  to  the-eector  ACM,  or  A I  is  the  eccentric 
anomaly  corresponding  to  the  mean  anomaly  A  M.  .The 
error  will  not  amount  to  one  scecrtd,  even  in  the  orbit  of 
Mercury. 

The  demonstration  of  this  construction  is  by  no  means 
abstruse  or  difficult  Craw  I  S,  and  M  I.  The  triangles 
i  C  E  and  i  C  M  are  evidently  equal,  being,  on  one  base 
i  C,  said  between  the  parallels  i  C  and  M  E.  For  similar 
reasons,  the  triangles  *  S  I  and  i  E I  are  equal.  Therefore 
toe  triangle  i  C  E,  together  with  the  segment  included  be- 
tween the  arch  M  6  i  and  the  chord  M  t,  will  be,  equal  to 
the  circular  sector  i  C  M. 


*  This  excess  must  be  expressed  in  degrees,  ninuMa,  or  seconds. 
The  radios  of  a  circle  Is  equal  to  an  arch  of  806,MS  seconds.  The 
loaniUanof  this  munberla  4.3I*4*JI.  Tberelbre  we  thill  obtain 
E  8,  or  me  aaasada  ba  E  S,  by  addlag  tail  kgsjtuN  te  the  headman 
of  EC  (A  C  being  unity),  and  the  logarithm  of  tfas  state  of  AC  I. 
The  sum  b  the  logarithm  of  the  seconds  m  E  S. 
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Now  H  is  plain,  from  the  construction,  that  Si:Ct 
3SEMQ>3HO:iQ)aHii-.MO:iI.  There- 
fore  SiXiI=tCiXM6i  —  CixMO.  But  CixU 
bins  equal  to  twice  the  sector  MCi,  and  CixHOb 
equal  to  twice  the  triangle  M  C  i  Therefore,  Six*  I" 
equal  to  twice  -the  segment  contained  between  M 6»  tad 
the  chord  Mi.  Therefore  this  segment  U  equal  to  At 
triangle  t  8 1,  orto^fe  triangle  i  E  I.  Therefore  the  space 
C  i  I E  C  it  equates  the  tenor  »  C  It,  tad  the  sector  AE I 
to  (be  sector  A  C  fc . 

The  calculation  founded  on  this  uuastruclaoa  it  extreme, 
ly  simple.  In  the  triangle  MC  E,  the  sides  M  C  and  C  E 
are  given,  with  the  included  angle  MCE;  and  the  angle* 
CBM,  C  H  E  are  fought  Moreftf  er,  A  E  it  the  sum  of 
the  given  sides,  and  P  E  is  their  difference,  and  A  C  M  U 
the  torn  of  the  angles  If  and  E.  Therefote  AB:EP  =  tan. 

— - — :  tan.   — — — ;  and  thus  E  and  M,  or  their  equals, 

AC*  and  M  C  i,  are  obtained.  ■  In  the  next  place,  in  the 
triangle  »CE,  the  sides iC,  CE,  and  the  included  angle 
•  C  E,  are  given,  and  the  angle  E  *  C  is  Bought-  We  ham. 
in  the  same  manner  at  before,  A  C  i  equal  to  the  sum  of 
the  angles  E  and  t,  and  therefore  A  K  :  E  P  st  ttn. 


*  +  W  »-* 


Titus  the  angle  E  V  C,  or  its  equal, 


i  C  Q,  it  obtained,  and  then,  the  .arch.  ilaOit  ffif 

~"X  am.  MCi' 

In  die  very  eccentric  orbits  of  the  comets,  this  brings  ue 
vastly  nearer  to  the  truth  than  any  of  the  indirect  methods 
we  know  doa£%  the  nrststen. '  So  near,  indeed,  that  die 
common  method,  by  the  nU  vffike  portion,  may  now  be 
lately  employed.  If  the  point,  I,  has  been  accurately 
found,  it  is  plain,  that  if  to  the  arch  Aiwa  add  E8>  that  is, 
E  C  x  tin,  A  C  Ij  wo  obtain  the  arch  A  M  with  which  we 
began.    But  if  I  has  soybean  accurately  determined,  A  M 
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will  differ  from  the  primitive  A  M.  Therefore,  make  some 
smalt  change  on  A  I,  and  again  compute  AM.  This  will 
probably  be  again  erroneous-  Then  apply  the  rule  of 
false  position  as  usual  The  error  remaining  after  the  first 
step  of  Dr  Stewart's  process  is  always  so  moderate,  that  the 
variations  of  A  M  are  very  nearly  proportional  to  the  vari- 
ations of  A I ;  so  that  two  steps  of  the  rule  will  generally 
bring  the  calculation  within  two  or  three  seconds  of  the 
truth.  The  astronomical  student  will  find  many  beautiful 
and  important  propositions  in  these  mathematical  tracts. 
The  proposition  just  now  employed  is  in  page  398,  &c 

61.  Astronomers  have  discovered,  that  the  line  AF 
moves  slowly  round  E  to  the  eastward,  changing  its  place 
about  25'  56"  in  a  century.  This  makes  the  time  of  a 
complete  revolution  in  the  orbit  to  be  365"  6h  15' 20".  This 
tine  b  called  the  anomalistic  ysab. 

Of  the  proper  Motions  of  the  Moon. 

68.  Of  all  the  celestial  motions,  the  most  obvious  are 
those  of  the  Moon.  We  see  her  shift  her  situation  among 
the  stars  about  lier  own  breadth  to  the  eastward  in  an  hour, 
and  in  somewhat  less  than  a  month  she  makes  a  complete 
tout  of  the  heavens.  The  gentle  beauty  of  her  appear- 
ance during  the  quiet  hours  of  a  serene  night,  has  attract- 
ed the  notice,  and  we  may  say  the  affections  of  all  man- 
kind ;  and  she  is  justly  styled  the  Queen  of  Heaven.  The 
remarkable  and  distinct  changes  of  her  appearance  have  af- 
forded to  all  simple  nations  a  most  convenient  index  and 
measure  of  time,  both  for  recording  past  events,  and  for 
making  any  future  appointments  for  business.  Accord- 
ingly, we  find,  in  the  first  histories  of  all  nations,  that  the 
lunar  motions  were  the  first  studied,  and,  in  some  degree, 
understood.  It  seems  to  have  been  in  subserviency  to  this 
study  alone  that  the  other  appearances  of  the  starry  heavens 
were  attended  to;  and  the  relative  positions  of  the  stars 
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seen  to  have  interested  us,  merely  as  the  means  of  ascer- 
tuning  the  motions  of  the  Moon.  For  we  find  all  the  zo- 
diacs of  the  ancient  oriental  nations,  divided,  not  into  13 
equal  portions,  corresponding  to  the  Sun's  progress  during 
the  period  of  seasons,  but  into  27  parts,  corresponding  to 
we  Moon's  daily  progress,  and  these  are  expressly  called 
the  nouvEs  or  iuhiiohs  of  the  Moon.  This  is  the  dntribu- 
nan  of  the  zodiac  of  the  ancient  Hindoos,  the  Persians,  the 
Chinese,  and  even  the  Chaldeans.  Some  have  no  divi- 
sion into  13,  and  those  who  have,  do  not  give  names  to  12 
groups  of  stars,  but  to  27.  They 'first  describe  the  situa- 
tion of  a  planet  in  one  of  these  mansions  by  name,  noting 
its  distance  from  some  stars  in  that  group,  and  thence  infer 
in  what  part  of  which  twelfth  of  the  circumference  it  is 
placed.  The  division  into  12  parts  is  merely  mathematical, 
for  the  purpose  of  calculation.  In  all  probability,  there- 
fore, this  was  an  after-thought,  the  contrivance  of  a  more 
cultivated  age,  well  acquainted  with  the  heavens  as  an  ob- 
ject of  sight,  and  beginning  to  extend  the  attention  to  spe- 
culations beyond  the  first  conveniences  of  life. 

68.  When  the  Moon's  path  through  this  series  of  man- 
sions is  carefully  observed,  it  is  found  to  be  (very  nearly)  a 
great  circle  of  the  heavens,  and  therefore  in  a  plane  passing 
through  the  centre  of  the  earth. 

64.  She  makes  a  complete  revolution  of  the  heavens  in 
S7*1 7*  48'  12*,  but  with  some  variations.  Her  mean  daily 
motion  is  therefore  13°  Iff  25" ,  and  her  horary  motion  is 
3*56". 

65.  Her  orbit  is  inclined  to  the  plane  of  the  ecliptic  in 
sn  angle  of  6°  8"  45',  nearly,  cutting  it  in  two  points 
called  her  nodes,  diametrically  opposite  to  each  other ;  and 
that  node  through  which  she  passes  in  coming  from  the 
south  to  the  north  side  of  the  ecliptic,  is  called  the  ascend- 
ikmode. 

66.  The  nodes  have  a  motion  which  is  generally  west- 
ward, but  with  considerable  irregularities,  making  a  com- 
plete revolution  in  about^SOa"  2h  55- 18",  nearly  18J  years. 
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67.  If  we  mark  on  a  celestial  globe  a  wins  of  poutis 
where  the  Moon  was  observed  during  three  or  four  rrvo)u<> 
turns,  and  then  Up  a  tape  round  the  globe,  covering  those 
points,  we  shall  see  that  the  tape  era  awe  the  ecliptic  mart 
westerly  every  turn,  and  then  crosses  the  lest  round  very 
obliquely ;  and  wo  see  that  by  continuing  this  operation, 
we  shall  completely  cover  with  the  tape  a  none  of  the 
heavens,  about  ten  or  eleven  degrees  broad,  having  the 
enHptJo  running  along  it*  middle. 

68.  The  Moon  moves  unequally  in  this  orbit,  her  hourly 
notion  increasing  from  W  S4"  to  36'  46",  and  the  equa- 
tion of  the  orbit  sometimes  amounts  to  6°  18'  3S" ;  so  that 
if,  setting  out  front  the  point  where  her  horary  motion  is 
slowest,  we  calculate  her  place,  for  the  eighth  day  there. 
afar,  at  the  rate  of  8&  56"  per  hour,  we  shall  find  her  ob- 
served place  abort  of  oar  calculation  more  than  half  a  day's 
motion.  And  we  should  have  found  her  as  much  before  it, 
had  we  begun  our  calculation  from  the  opposite  point  of  her  - 

69.  Her  apparent  diameter  changes  from  98  Sfi"  to 
39*  47",  and  therefore  her  distance  from  the  Earth  changes. 
This  distance  may  be  discovered  in  miles  by  means  of  her 
parallax. 

She  was  observed,  in  her  passage  over  the  meridian,  by 
two  astronomers,  one  of  whom  was  at  Berlin,  and  the  other 
at  the  Cape  of  Good  Hope.  These  two  places  are  distant 
from  one  another  above  6000  miles;  so  that  the  observer 
at  Berlin  saw  the  Moon  every  day  considerably  mere  to 
the  south  than  the  person  at  the  Cape.  Tina  diffiwence  of 
apparent  declination  is  the  measure  of  the  angle  DSC 
(Kg.  6.)  subtended  at  the  Moon  by  the  hue  c  D  of  54*9 
miles,  between  Ike  observers.  The  angles  SDcandScD 
.  are  given  by  mean*  of  the  Moon's  observed  altitude*. 
Therefore  any  of  the  sides  S  D  or  S  c  may  be  computed. 
It  ia  found  to  be  nearly  80  semtdJamotorB  of  the  earth. 

70.  By  combining  the  observations  of  the  Moon's  place 
in  the  heavens  with  those  of  her  apparent  diameter,  we  die. 
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ana  that  her  orbit  is  nearly  an  aUipse,  having  the  Earth 
a  one  facua,  and  having  the  longer  axis  to  tha  abetter  axis 
nearly  as  91  to  80,  The  greatest  and  leaat  distances  arc 
needy  in  the  proportion  of  $1  to  19. 

71.  Har  motion  in  thii  ellipse  is  nob,  that  the  line  join- 
ing the  Earth  and  Moon  describes  areas  which  are  nearly 
proportional  to  the  times.  Few  her  angular  hourly  motion 
is  observed  to  be  .as  the  square  of  her  apparent  diameter. 

78.  The  hue  of  the  apaidea  has  a  alow  motion  eastward, 
completing  a  revolution  in  about  SS3S*  Uk  14'  SO",  nearly 
9  year*. 

73.  While  the  Moon  is  thus  making  a  revolution  round 
the  heaven*,  her  appearance  undergoes  great  changes.  She 
is  nmaiitiniPB  on  our  meridian  at  midnight,  anor' therefore, 
hi  the  part  of  the  heavens  which  is  opposite  to  the  Sun. 
In  this  sanation,  the  is  a  complete  luminous  circle,  and  is 
•aid  to  be  nu.  As  she  moves  eastward,  she  becomes  de» 
anent  an  the  west  side,  and,  after  about  7$  days,  comes  to 
the  meridian  about  six  in  the  morning,  having  the  appear- 
ance of  a  semieircJtt,  with  the  convex  side  next  the  Sun. 
In  this  state,  her  appearance  is  called  half  xooh.  Mov- 
ing still  eastward,  she  becomes  mare  deficient  on  the  west 
side,  and  has  now  the  form  of  a  crescent,  with  the  convex  * 
aide  turned  towards  the  Sun.  This  crescent  becomes  con- 
tinually moss  slender,  till,  about  14  days  after  being  full, 
she  is  so  near  the  Sun,  that  she  cannot  be  Been  on  account 
of  his  great  splendour.  About  four  days  after  this  disap- 
pearance in  she  morning  before  sunrise,  she  is  seen  in-the 
evening,  a  little  to  the  eastward  of  the  Sim,  in  the  form  of 
a  fine  crescent,  with  the  convex  side  turned  towards  the 
Sun.  Moving  snH  to  the  eastward,  the  crescent  becomes 
nore  full;  and  when  the  Moon  oomes  to  the  meridian 
about  six  in  the  evening,  abe1hae  again  the  appearance  of 
a  bright  seawarde*  Advancing  still  to  the  eastward,  she 
becomes  fuller  on  the  east  side,  and  at  last,  after  about  29£ 
days,  she  is  again  opposite  to  the  Sun,  and  again  full. 
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7*i  It  frequently  happens,  that  the  Moon  is  eclipsed 
when  full ;  end  that  the  Sun  is  eclipsed  some  time  between 
the  disappearance  of  the  Moon  in  the  morning  on  the  west 
side  of  the  Sup,  and  her  reappearance  in  the  evening  on  < 
the  east  aideqjrthe  Sun.  This  eclipse  of  the  Sun  happens 
at  the  very  time  that  the  Moon,  in  the  course  of  her  revo- 
lution, passes  that  part  of  the  heavens  where  the  Sun  is. 

75.  From. these  observations. we  conclude,  1.  That'the 
Moon  is  an  opaque  body,  visible  only  by  means  of  the 
Sun's  light  illuminating  her  surface ;  9,.  That  her  orbit 
round  the  Earth  is  nearer  than  the  Sun's. 

76.  From  these  principles  all  her  phases,  or  appear' 
ances,  may  be  explained  (Fig.  10.) 

77.  When  the  Moon  comes  to  the  meridian  at  mid-day, 
she  is  said  to  be  hkw,  and  to  be  in  conjunction  with  the 
Sun.  When  she  comes  to  the  meridian  at  midnight,  she 
is  said  to  he  in  opposition.  The  line  joining  these  two 
situations  is  called  the  line  of  the  syzigih*.  The  points 
where  she  is  half-illuminated  are  called  die  quaobatuuj; 
and  that  is  called  the  first  quadrature  which  happens  after 
new  Moon.  ' 

7a  When  the  Moon  is  half  illuminated,  the  line  E  M 

'   (Fig.  10.)  joining  the  Earth  and  Moon,  is  perpendicular  to 

the  line  M  S,  joining  the  Moon  and  Sun.     By  observing 

the  angle  S  E  M,  the  proportion  of  the  distance  of  the  Sun 

to  the  distance  of  the  Moon  may  be  ascertained. 

This  method  of  ascertaining  the  Sun's  distance  was  pro- 
posed by  Aristarchus  of  Samoa,  about  S*j4  years  before  the 
Christian  era.  ,  The  thought  was  extremely  ingenious,  and 
strictly  just ;  and  this  was  the  first  observation  that  gave 
the  astronomers  any  confident  guess  at  the  very  great  dis- 
tance of  the  Sun.  But  it  is  impossible  to  judge  of  the  baif- 
uiumination  of  the  Moon's  dhk  with  sufficient  accuracy  for 
obtaining  any  tolerable  measure.  Even  now,  when  assisted 
by  telescopes,  we  cannot  tell  to  a  few  minutes  when  the 
boundary  between  light  and  darkness  in  the  Moon  is  ex- 
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actly  a  straight  tine.  When  this  really  happens,  the  elon- 
gation S  E  M  wants  but  9'  of  a  right  angle,  and  when  it  is 
altogether  a  right  angle,  there  is  no  sensible  change  in  the 
e  of  the  Moon.  All  that  the  ancient  astronomers 
lifer,  from  the  best  estimation  at  the  bisection  of  the 
Moon,  was,  that  the  Sun  was,  for  certain,  at  a  much  great- 
er distance  than  any  person  had  supposed  before  that  time. 
Ariaarchus  said,  that  the  angle  SEM  was  not  less  than 
87  degrees,  and  therefore  the  Sun  was  at  least  twenty  times 
farther  off  than  the  Moon.  But  astronomers  of  the  Alex- 
andrian school  said,  that  the  angle  SEM  exceeded  89°, 
and  the  Sun  was  sixty  times  more  remote  than  the  Moon. 
Modern  observations  shew  him  to  be  near  four  hundred 


79.  This  suggestion  of  phases  is  completed  in  a  period 
of  89*  1&  4*  3",  called  a  btnodical  mouth  and  a  ldna- 

T»M. 

It  may  be  asked  here,  how  the  period  of  a  lunation 
comes  to  differ  from  that  of  the  Moon's  revolution  round 
the  Earth,  which  is  accomplished  in  2T  7**48'  12"  ?  This 
is  owing  to  the  Sun's  change  of  place  during  a  revolution 
of  the  Moon.  Suppose  it  new  Moon,  and  therefore  the 
Sun  and  Moon  appearing  in  the  same  place  of  the  heavens.  ■ 
At  die  end*  of  the  lunar  period,  the  Moon  is  again  in  that 
point  of  the  heavens.  But  die  Sun,  in  the  mean  time, 
has  advanced  above  27  degrees ;  and  somewhat  more  than 
two  days  must  elapse  before  the  Moon  can  overtake  the 
Sun,  so  as  to  be  seen  by  us  as  new  Moon. 

80.  The  period  of  this  succession  of  phases  may  be 
found  within  a  few  hoars  of  the  truth  in  a  very  short  time. 
We  can  tell,  within  four  or  five  hours,  the  time  of  the 
Moon  being  half-iUuminated.  Suppose  ,this  observed  in 
the  rooming  of  her  last  quarter.  We  shall  see  this  twice 
repeated  in  69  days,  which  gives  29*  12"  for  a  lunation, 
wanting  about  three-fourths  of  an  hour  of  the  truth. 
About  483  years  before  the  Christian  era,  Meton,  a  Greek 
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astronomer,  reported  to  the  states  assembled  at  the  Olym- 
pic garnet,  that  in  nineteen  year?  then  happened  exactly 
S86  lunation*. 

81.  The  lunar  motions  are  subject  to  several  nreaukii- 
ties,  of  which  the  following  are  the  chief  i 

88.   1.  The  periodic  month  is  greater  when  the  Sun  is  # 
in  perigee  than  when  in  apogee,  the  greatest  difference 
being  about  £4  .minutes,     Tycho  Brahe  first  remarked 
this  anomaly  of  the  lunar  motions,  and  called  the  correc- 
tion (depending  on  the  Sun's  place  in  his  orbit)  the  ak- 

WAL  KQOATIOK  of  the  MoCll. 

83.  3.  The  mean  period  is  less  than  it  was  in  ancient 
times. 

84.  8.  The  orbit  is  larger  when  the  Sun  is  in  perigee^ 
than  when  he  is  in  apogee. 

85.  4  The  orbit  is  more  eccentric  when  the  Sun  is  in 
the  lice  of  the  lunar  apsides ;  and  the  equation  of  the  or- 
bit  is  then  increased  nearly  1°  20"  84'.  This  change  is 
•ailed  the  xtxotioh.    It  was  discovered  by  Ptolemy. 

80.    5.  The  inclination  of  the  orbit  changes. 

87.  6.  The  Moon's  motion  is  retarded  in  the  first  and 
third  quarters,  and  accelerated  in  the  second  and  but 
Thisanomaly  was  discovered  by  Tycho  Brane",  who  aaha 

'it  the  vAfciATioir. 

88.  7.  The  motion  of  the  nodes  is  very  unequal 

OfOMXalmdar. 

80.  Astronomy,  like  all  other  sciences,  was  first  practised 
as  an  art.  The  chief  object  of  this  art  was  to  knew  the 
seasons,  which,  as  we  have  seen,  depend  either  immediate- 
ly,  or  more  remotely,  on  the  Sun's  motion  in  the  ecliptic. 
A  ready  method  for  knowing  the  season  seems,  in  all  ages, 
to  haae  been  the  chief  incitement  to  the  study  of  astrensv 
my.  This  must  direct  the  labours  of  the  field,  the  migra- 
tions of  the  shepherd,  sad  the  journies  of  the  traveller. 
6 
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It  u  •quail*  wceamry  &r  appointnig  all  public,  meetings, 
and  for  recording  events. 

Were  tjhe  stars  viable  in  the  day-time,  it  would  be  easy 
to  auric  all  the  portion*  of  the  year  by  the  Bun's  place 
among  them.  When  be  is  on,  the  foot  of  Castor,  it  is  jnid- 
nmuner ;  and  midwinter,  when  he  is  on  the  bow  of  Sagit- 
tarius. But  this  cannot  be  done,  because  bis  splendour 
wlipsea  them  all. 

90.  The  beat  aounniinatjan  which  a  ruda  people  can 
sake  to  this,  ia  to  mark  the  days  in  which  the  atara  of  the 
snfiae  come  first  in  sight  in  the  morning,  in  the  eastern 
banana,  immediately  before  the  Bun  rise.  As  he  gradu- 
ally travels  eastward  akmg  the  ecliptic,  the  brighter  star* 
which  nee  abeatt  three  quarters  of  an  hour  before  the  Sun, 
■aty  be  seen  in  succession.  The  buabandnian  and  the, 
shepherd  were  thus  warned  of  the  succeeding  tasks  by  the 
appearance  of  certain  stars  before  the  Sun.  Thus,  in 
Egypt,  the  day  was  proclaimed  in  which  the  Dogetar  Was 
first  seen  by  those  set  to  watch.  The  inhabitant*  home- 
diately  began  to  gather  home  their  wandering  flocks  and 
herds,  and  prepare  themselves  for  the  inundation  of  the 
Nile  in  twelve  or  fourteen  days.  Hence  that  star  waa 
called  the  W*ekJagt  Tson,  the  Guardian  of  Egypt. 

This  waa  therefore  a  natural  commencement  of  the  pe- 
riod of  seaaoni  k  Egypt;  and  the  interval  between  the 
successive  apparitions  of  Tboth,  has  been  called  the  hatv* 
sal  year  of  that  country,  to  distinguish  it  from  the  civil 
or  artificial  year,  by  which  all  records  were  kept,  but 
wnien  had  little  or  no  alliance  with  the  seasons.  It  baa 
also  been  called  the  Cankukt  year.  It  evidently  depends 
an  the  Sun's  situation  and  distance  from  the  Dog-star,  and 
Must  therefore  have  the  same  period  with  the  Sun's  re-j 
■rotation  from  a  star  to  die  same  star  again.  This  requires 
36a*  6*  9  11%  and  diners  from  our  period  of  seasons. 
Haas*  we  must  conclude,  that  the  rising  of  ihe  Dog-star 
is  not  an  infallible  presage  of  the  inundation,  but  will  be 
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found  faulty  after  a  long  course  of  ages.    At  present  it 
happens  about  the  12th  or  11th  of  July, 

This  observation  of  a  star's  first  appearance  in  the  year, 
by  getting  out  of  the  dueling  blaze  of  the  Sun,  is  called 
the  fteUacal  ruing  of  the  star.  The  ancient  almanacks  for 
directing  the  rural  labours  were  obliged  to  give  the  detail  of 
these  in  succession,  and  of  the  corresponding  labours.  He- 
siod,  the  oldest  poet  of  the  Greeks,  has  given  a  very  minute 
detail  of  those  heliacal  risings,  ornamented  by  a  pleasing  de- 
scription of  the  successive  occupations  of  rural  lUe.  Thisevi- 
dently  required  a  very  considerable  knowledge  of  the  star- 
ry heavens,  and  of  the  chief  circumstances  of  diurnal  mo- 
tion, and  particularly  the  number  of  days  intervening  be- 
tween the  first  appearance  of  the  different  constellations. 

Such  an  almanack,  however,  cannot  be  expected,  except 
among  a  somewhat  cultivated  people,  as  it  requires  a  long 
continued  observation  of  the  revolution  of  the  heavens  in 
order,  to  form  it ;  and  it  must,  even  among  such  people,  be 
uncertain.  Cloudy,  or  even  hasy  weather,  may  prevent 
us  for  a  fortnight  from  seeing  the  stars  we  want. 

91.  The  Moon  comes  most  opportunely  to  the  aid  of 
simple  nations,  for  giving  the  inhabitants  an  easy  division 
and  measure  of  time.     The  changes  in  her  appearance  are 

..  so  remarkable,  and  so  distinct,  that  they  cannot  be  con- 
founded. Accordingly,  we  find  that  all  nations  have  made 
use  of  the  lunar  phases  to  reckon  by,  and  for  appointing  all 
public  meetings;  The  festivals  and  sacred  ceremonies  of 
simple  nations  were  not  all  dictated  by  superstition ;  but 
they  served  to  fix  those  divisions  of  time  in  the  memory, 
and  thus  gave  a  comprehensive  notion  of  the  year.  All 
these  festivals  were  celebrated  at  particular  phases  of  the 

aWbon— generally  at  new  and  full  Moon.  Men  were  ap- 
pointed to  watch  her  first  appearance  in  the  evening,  after 
having,  been  -seen  in  the  morning,  rising  a  few  minsttes 
before  the  'Sun.  This  was  done  in  consecrated  groves, 
and  in  high  places;  and  her  appearance  was  prodaiiiud_ 
S 
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Fourteen  days  after,  the  festival  was  generally  held  during 
Jidi  Moon.  Hence  it  is  that  the  first  day  of  a  Roman 
month  was  named  kalendj;,  the  day  to  be  proclaimed. 
They  eaiulpridk,  ttrtioy  quarto,  &c.  ante  calendas  name- 
mo*  Martias  ;  the  third,  fourth,  &&  before  proclaiming 
the  new  Moon  of  March.  And  the  assemblage  of  months, 
with  the  arrangement  of  all  the  festivals  and  sacrifices,  was 
called  a  kalendabium. 

As  superstition  overran  all  rude  nations,  no  meeting 
was  held  without  sacrifices  and  other  religious  ceremonies 
-  —the  watching  and  proclaiming  was  naturally  committed 
to  the  priests — the  knhmdar  became  a  sacred  thing,  con- 
nected with  the  worship  of  the  gods — and,  long  before  any 
moderate  knowledge  of  the  celestial  motions  bad  been  ac- 
quired, every  day  of  every  Moon  had  its  particular  sancti- 
ty, and.  its  appropriated  ceremonies,  which  could  not  be 
transferred  to  any  other. 

92.  But  as  yet  there  seemed  no  precise  distinction  of 
month  ft,  nor  of  what  number  of  months  should  be  assem- 
bled into  one  group.  Most  nations  seem  to  have  observed 
that,  after  18  Moons  were  completed,  the  season  was  pretty 
much  the  same  as  at  the  beginning.  This  was  probably 
thought  exact  enough.  Accordingly,  in  moat  ancient  na- 
tions, we  find  a  year  of  354  days.  But  a  few  returns  of 
the  winter's  cold,  when  they  expected  heat,  would  shew 
that  this  conjecture  was  far  from  being  correct ;  and  now 
began  the  embarrassment  There  was  no  difficulty  in  de- 
termining the  period  of  the  seasons  exactly  enough,  by 
means  of  very  obvious  observations.  Almost  any  cottager 
has  observed  that,  on  the  approach  of  winter,  the  Sun  rises 
more  to  the  right  hand,  and  sets  more  to  the  left  every  day, 
the  places  of  his  rising  and  setting  coming  continually  nearer 
to  each  other ;  and  that,  after  rising  for  two  or  three  days 
from  behind  the  same  object,  the  places  of  rising  and  set. 
ting  again  gradually  separate  from  each  other.  By  such 
familiar  observations,  the  experience  of  an  ordinary  life  is 
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loanoient  for  determining  the  period'  of  the  nuoni  with 
abundant  accuracy.  The  difficult;  was  to  accomplish  the 
reconciliation  of  this  period  with  the  sacred  cycle  of  months, 
each  day  of  which  was  consecrated  .to  a  particular  deity, 
jeolou*  of  his  honours.  Thus  the  Hierophantic  science,  and 
the  whole  art  of  kalendar-making,  were  necessarily  entrusted 
to  the  priest*.  We  see  this  in  the  history  of  all  nations, 
Jews,  Pagans,  and  Christians. 

93.  Various  have  been  the  contrivances  of  different  na- 
tions. The  Egyptians,  and  some  of  the  neighbouring 
Orientals,  seem  early  to  have  known  that  the  period  of  sea- 
sons considerably  exceeded  12  months,  and  contained  865 
days.  They  made  die  civil  year  consist  of  12  months  of 
SO  days,  and  added  5  complimentary  days  without  cere- 
monies ;  and  when  more  experience  convinced  them  that 
the  year  contained  a  fraction  of  a  day  more,  they  made  no 
change,  but  made  the  people  believe  that  it  was  an  im- 
provement on  their  kalendar,  that  their  great  day,  the  first 
of  Ttwth,  by  falling  back  one  day  in  four  periods  of  sea- 
sons, would  thus  occupy  in  succession  every  day  of  the 
year,  and  thus  sanctify  the  whole  in  1461  years,  as  they 
imagined,  but  really  in  1425  of  their  civil  years.  We 
have  but  a  very  imperfect  knowledge  of  the  arrangement  of 
their  festivals.  Indeed  they  were  totally  different  in  al- 
most every  city. 

It  is  important  to  the  astronomer  to  know  this  method  of 
reckoning ;  because  all  the  observations  of  Hipparehus  and 
Ptolemy,  and  all  those  which  they  have  quoted  from  the 
Chaldeans,  Persians,  Sic  are  recorded  by  it.  In  An.  Dom. 
940,  the  first  day  of  Thoth  fell  on  the  first  of  January,  and 
another  Egyptian  year  commenced  on  the  31st  of  Decem- 
ber of  that  year.  From  this  datum  it  is  easy  to  reckon 
back  by  years  of  385  days,  and  to  say  on  what  day  of  what 
month  of  any  of  our  years  the  first  day  of  Thoth  falls,  and 
this  wandering  year  commences. 
94.  The  Greeks  have  been  much  more  puisled  with  the 
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n  of  a  lunisolar  year  titan  the  Egyptian!.  Solongot 
an  orach*  to  direct  fan  Athenians  (694  years  before  our  asm), 
Mi «™  r^ix,  »■  ibj».  »**  saw,  ■«  «■«  twywi  The  mean* 
ing  of  which  seems  to  be,  to  regulate  their  year  by  the 
Son,  or  seasons,  their  months  by  the  Moon,  and  their  fes- 
tivals by  the  days.  Observing  that  59  days  made  two 
months,  he  made  these  alternately  of  30  and  of  £9  days, 
n—  and  »ixw,  full,  and  deficient;  and  the  30th  day  of  a 
month,  the  rfuuu,  was  called  Imwiu,  »*••>••*,  aa  it  belonged 
to  both  months. 

But  this  was  not  sufficiently  accurate ;  and  the  Olym- 
pic games,  celebrated  on  every  fourth  year,  during  the  full 
Moon  nearest  to  midsummer  day,  had  gone  into  great  con- 
fusion. The  Hierophants,  whose  proclamation  to  all  the 
states  assembled  the  chieffe  together,  had  not  skill  enough 
to  keep  them  from  gradually  falling  into  the  autumn  months. 
Injudicious  corrections  were  made  from  time  to  time,  by 
rules  for  inserting  months  to  bring  things  to  rights  again. 
It  deserves  to  be  remarked  here,  that  this  is  the.  way  in 
which  the  ancient  astronomy  improved,  before  the  establish- 
merit  of  the  Alexandrian  school.  It  was  not  by  a  more  ac. 
curate  observation  of  the  motions,  as  in  modern  times,  but 
by  discovering  the  errors,  when  they  amounted  to  an  unit 
of  Ae  scale  on  which  they  were  measured.  The  astrono- 
mers then  improved  their  future  computations  by  repeated- 
ly cutting  off  this  unit  of  accumulated  error. 

95.  All  these  contrivances  were  publicly  proposed  at  the 
meeting  of  the  States  for  the  Olympic  Games.  This  was 
an  occasion  peculiarly  proper,  and  here  the  scheme  of  Me- 
lon was  received  with  just  applause.  For  Meton  not  only 
gave  his  countrymen  a  very  exact  determination  of  the 
lunar  month,  but  accompanied  it  with  a  scheme  of  interca- 
lation, by  which  all  their  festivals,  religious  and  civil,  were 
arranged  so  as  to  have  very  small  dislocations  from  the  days 
of  new  and  full  Moon.  As  this  hact  hitherto  been  a  matter 
of  insuperable  difficulty,  Meton  was  declared  victor  in  the 
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first  department,  a  statue  was  decreed  him,  and  his  arrange- 
ment of  the  festival*  was  inscribed  on  a  pillar  of  .marble,  in 
letters  of  gold.  This  has  occasioned  the  number  expres- 
sing the  current  year  of  the  cycle  of  19  years  (called  the 
Metonic  cycle)  to  be  called  die  Golden  Number.  This 
scheme  of  Melon's  was  indeed  very  judicious,  though  in- 
tricate, because  he  arranged  the  interpolation  of  a  month 
so  as  never  to  remove  the  first  day  of  the  month  two  days 
from  the  time  of  new  Moon,  whereas  it  had  often  been  a 
week. 

The  Metonic  cycle  commenced  on  16th  July,  433  years 
before  the  beginning  of  the  Christian  sera,  at  48  minutes 
past  seven  in  the  morning,  that  being  the  time  of  new 
Moon.  The  first  year  of  each  cycle  is  that  in  which  the 
full  Moon  of  its  first  month  is  the  nearest  to  the  summer 


96.  The  Roman  kalendar  was  in  a  much  worse  condition 
than  the  rudest  of  the  Greeks.  The  superstitious  venera- 
tion for  their  ceremonies,  or  their  passion  for  public  sports, 
had  diverted  the  attention  of  the  Romans  (who  never  were 
cultivators  or  graziers)  from  the  seasons  altogether.  They 
were  contented  with  a  year  of  ten  months  for  several  cen- 
turies, and  had  the  most  absurd  contrivances  for  producing 
some  conformity  with  the  seasons.  At  last,  that  accom- 
plished general,  Julius  Ctesar,  haying  attained  the  height 
of  his  vast  ambition,  resolved  to  reform  the  Roman  kalen- 
dar. He  was  profoundly  skilled  in  astronomy,  and  had 
written  some  dissertations  on  different  branches  of  the 
science,  which  had  great  reputation,  but  are  now  lost.  He 
had  no  superstitious  or  religious'  qualms  to  disturb  him,  and 
was  determined  to  make  every  thing  yield  to  the  great  pur- 
pose of  a  kalendar,  its  use  in  directing  the  occupations  of 
die  people,  and  for  recording  the  events  of  history.  He 
took  the  help  of  Sosigenes,  an  astronomer  of  the  Alexan- 
drian school,  a  man  perfectly  acquainted  with  all  the  dis- 
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coteries  of  Hipparchus  and  others  of  that  celebrated  aca- 
demy. 

These  eminent  scholars,  knowing  that  the  period  of  sea- 
ions  occupied  366  days  and  a  quarter  very  nearly,  nude  a 
short  cycle  of  4  years,  containing  three  years  of  365,  and 
one  of  366  days;  thus  cutting  off,  in  the  Grecian  manner, 
the  error,  when  it  amounted  to  a  whole  day.  Csasar  re- 
solved also  to  change  the  beginning  of  the  year  from  March, 
where  Romulus  had  placed  it  in  honour  of  his  patron  Mars, 
to  the  winter  solstice.  This  is  certainly  the  most  natural 
way  of  estimating  the  commencement  of  the  year  of  seasons. 
What  we  are  most  anxious  to  ascertain  is  the  precise  day 
when  the  Sun,  after  having  withdrawn  his  cheering  beams, 
and  exposed  us  to  the  uncomfortable  cold  and  storms  of 
winter,  begins  to  turn  toward  us,  and  to  bring  back  the 
pleasures  of  spring,  and  by  his  genial  warmth  to  give  us  the 
hopes  of  another  season  of  productive  fertility.  Caesar  there- 
fore chose  for  the  beginning  of  his  kalendar,  a  year  in 
which  there  was  a  new  Moon  following  close  upon  the  win- 
ter solstice.  This  opportunity  was  afforded  him  in  the  se- 
cond year  of  his  dictatorship,  and  the  707th  year  from  the 
foundation  of  Rome.  He  found  that  there  would  be  a  new 
Motm  six  days  after  the  winter  solstice.  He  made  this 
new  Moon  the  1st  of  January  of  his  first  year.  But,  to  do 
this,  he  was  obliged  to  keep  the  preceding  year  dragging 
on  90  days  longer  than  usual,  containing  444  days,  instead 
of  the  old  number  354.  As  all  these  days  were  unprovided 
with  solemnities,  the  year  preceding  Caesar's  calendar  was 
called  the  year  of  confusion.  Caesar  also,  for  a  particular 
reason,  chose  to-  make  his  first  year  consist  of  366  days,  and 
he  inserted  the  intercalary  day  between  the  23d  and  84th 
of  February,  choosing  that  particular  day,  as  a  separation 
of  the  lustrations  and  other  piaculums  to  the  infernal  deities, 
which  ended  with  the  23d,  from  the  worship  of  the  celes- 
tial denies,  which  took  place  on  the  24th  of  February.  The 
24th  was  the  sextw  ante  kalendat  neomeniaa  Martias.  His 
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inserted  day,  answering  civil  purposes  alone,  had  do  ewe- 
monies,  nor  any  name  appropriated  to  it,  and  was. to  be 
considered  merely  aa  a  supermxntewy  sextits  ante  Jtalendns. 
Hence  the  year  which  had  this  intercalation  was  styled  an, 
tumut  bissextilU,  a  bissextile  year.  With  respect  to  the 
rest  of  the  year,  Cajsar  being  also  Pontifex  Maximua  (an 
office  of  vast  political  importance),  or  rather,  having  all  the 
power  of  the  state  in  his  own  person,  ordered  that  attention 
should  be  given  to  the  days  of  the  month  only,  and  that 
the  religious  festivals  alone  afaould  be  regulated  by  the  sa- 
cred college.  He  assigned  to  each  month  the  number  of 
days  which  has  been  continued  in  them  ever  since. 

97.  Such  is  the  simple  calendar  of  Julius  Canar.  Simple 
however  as  it  was,  his  instructions  were  misunderstood,  or 
net  attended  to,  during  the  horrors  of  the  civil  wars.  Ia- 
stead  of  intercalatiog  every  fourth  year,'  the  intercalation, 
was  thrice  made  on  every  succeeding  third  year.  The 
mistake  was  discovered  by  Augustus,  and  corrected  in  the 
best  manner  possible,  by  omitting  three  intercalations  dur- 
ing the  next  twelve  years.  Since  that  time,  the  kalenriar 
has  been  continued  without  interruption  over  all  Europe- 
till  1582.  The  years,  consisting  of  36St  days,  were  called 
Juiian  jftart ;  and  it  was  ordered,  by  an  edict  of  Augus- 
tus, that  this  kaleodar  shall  be  used  through  the  whole 
empire,  and  that  the  years  shall  he  reckoned  by  the  reigna 
of  the  different  emperors.  This  edict  was  but  imperfectly 
executed  in  the  distant  provinces,  where  the  native  princes 
were  allowed  to  bold  a  vassal  sovereignty.  In  Egypt  par- 
ticularly, although  the  court  obeyed  the  edict,  the  people 
followed  their  former  kalendan  and  epochs.  Ptolemy  the 
astronomer  retains  the  reckoning  of  Hipparchus,  by  Egyp- 
tian years,  reckoned  from  the  death  of  Alexander  the 
Great.  We  muse  understand  all  these  modes  of  computa- 
tion, in  order  to  make  use  of  the  ancient  astronomical  ob- 
servations. A  comparison  of  the  different  epochs  will  be 
given  as  we  finish  the  subject. 
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98.  The  an  adopted  by  the  Roman  Empire  when  Chris* 
unity  became  the  religion  of  the  state,  was  not  finally  art- 
tW  till  «  good  while  after  Constantine.  Dionysus  Exi- 
guus,  a  French  monk,  after  consulting  all  proper  docu- 
ments, considers  the  26th  of  December  v£  the  forty-fifth 
yew  of  Julius  Coaar  as  the  day  of  our  Saviour's  nativity. 
The  1st  of  January  of  the  forty-sixth  year  of  Caspar  ia 
therefore  the  beginning  of  the  era  now  used  by  the  Chris- 
tain  world.  Any  event  happening  in  this  year  ia  dated  tmmo 
Domini  prima.  As  Csesar  had  made  his  first  year  a  bissex- 
tile,  the  year  of  the  nativity  was  also  bissextile ;  and  the 
first  year  of  our  fin  begins  the  short  cycle  of  four  yean,  so 
that  the  fourth  year  of  our  en  is  bissextile. 

That  we  may  connect  this  era  with  all  the  others  em- 
ployed by  astronomers  or  historians,  it  will  be  enough  to 
know  that  this  first  year  of  the  Christian  era  is  the  4714th 
of  the  Julian  period. 

It  coincides  with  the  fourth  year  of  the  104th  Olympiad 
till  aririnummnr 

It  coincides  with  the  763d  ad  urie  cotidita,  till  April 
81st, 

It  conades  with  the  748th  of  Nabonassar  till  August 
28d. 

It  coincides  with  the  934th  civil  year  of  Egypt,  reckoned 
from  the  death  of  Alexander  the  Great. 

In  the  arrangement  of  npoch*  in  the  sstronomical  tables, 
the  years  before  the  Christian  era  are  counted  backwards, 
calling  the  year  of  the  nativity  0,  the  preceding  year  1,  Sec. 
But  chfQBDlogistB  more  frequently  reckon  the  year  of  the ' 
nativity  the  first  before  Christ.     Thus, 

Years  of  Case* 41,  42,  43,  44,  45,  46,  47,  48,  49 

Astronomers 4,     3,     2,     1,     0,     1,     2,     8,     4 

Chnmohxnstt.... 5,     4,    3,    «,     1,    '1,    S,     8,     4 

This  kalendar  of  Julius  Caesar  has  manifest  advantages 
in  respect  of  simplicity,  and  in  a  short  time  supplanted  all 
ethers  among  the  western  nations.    Many  other  nations  had 
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perceived  that  the  year  of  seasons  contained  more  than  S65 
days,  but  had  not  fallen  on  easy  methods  of  making  the 
correction.  It  is  a  very  remarkable  fact,  that  the  Mexi- 
cans, when  discovered  by  the  Spaniards,  employed  a  cycle 
which  supposed  that  the  year  contained  365}  days.  For, 
at  the  end  of  fifty-two  years,  they  add  thirteen  days,  which 
is  equivalent  to  adding  one  every  fourth  year.  In  their  hier- 
oglyphical  annals,  their  years  are  grouped  into  parcels  of 
four,  each  of  which  has  a  particular  mark. 

99.  But  although  the  Julian  construction  of  the  civil 
year  greatly  excelled  all  that  had  gone  before,  it  was  not 
perfect,  because  it' contained  11'  14j*  more  than  the  period 
of  seasons.  This,  in  1 88  years,  amounts  exactly  to  a  day. 
In  1582,  it  amounted  to  13d  7h.  The  equinoxes  and  sol- 
stices no  longer  happened  on  those  days  of  the  month  that 
were  intended  for  them.  The  celebration  of  the  church 
festivals  was  altogether  deranged.  For  it  must  now  be  re- 
marked, that  there  occurred  the  -eame  embarrassment  on 
account  of  the  lunar  months,  as  formerly  in  the  Pagan 
world. 

The  Council  of  Nice  had  decreed  that  the  great  festival, 
Easter,  should  be  celebrated  in  conformity  with  the  Jew- 
ish passover,  which  was  regulated  by  the  new  Moon  fol- 
lowing the  vernal  equinox.  All  the  principal  festivals  are 
regulated  by  Easter  Sunday.  But  by  the  deviation  of  the 
Julian  (calendar  from  the  seasons,  and  the  words  of  the  de- 
cree of  the  Nicene  Council,  the  celebration  of  Easter  lost 
all  connexion  with  the  Passover.  For  the  decree  did  not 
■ay,  *  The  first  Sunday  after  the  full  Moon  following  the 
vernal  equinox,  but  the  first  Sunday  after  the  full  Moon 
following  the  81st  of  March.'  It  frequently  happened 
that  Easter  and  the  Passover  were  six  weeks  apart.  This 
was  corrected  by  Pope  Gregory  the  XIII.  in  1589,  by 
bringing  die  21st  of  March  to  the  equinox  again.  He 
first  cut  off  the  ten  days  which  had  accumulated  since  the 
Council  of  Nice;  and,  to  prevent  this  accumulation,  he 
5 
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directed  the  intercalation  of  a  bissextile  to  be  omitted  on 
every  centurial  year.  But  the  error  of  a  Julian  century 
containing  36525  days,  is  not  a  whole  day,  bat  18"  40". 
Therefore  the  correction  introduces  an  error  of  Sh  20*.  To 
prevent  this  from  accumulating,  the  omission  of  the  Cen- 
tura! intercalation  is  limited  to  the  centuries  not  di- 
visible by  four.  Therefore  1600,  2000,  8400,  fee.  are 
soil  bissextile  years ;  but  1700,  1800,  1900,  2100,  2200, 
Sec.  are  common  years ;  There  still  remains  an  error, 
amounting  to  a  day  in  144  centuries. 

The  kalehdar  is  now  sufficiently  accurate  for  all  purposes 
of  history  and  record,  and  even  for  astronomy,  because  the 
tropical  year  of  seasons  is  subject  to  a  periodical  inequality. 

100.  A  correction,  much  more  accurate  than  the  Gre- 
gorian, occurred  to  Omar,  a  Persian  astronomer  at  the 
court  of  Prince  Gelala  Eddin  Melek  Schali.  Omar  pro- 
posed always  to  delay  to  the  thirty-third  year,  the  interca- 
lation which  should  have  been  made  in  the  thirty-second. 
This  is  equivalent  to  omitting  the  Julian  intercalation  al- 
together on  the  128th  year.  This  method  is  extremely 
simple,  aad  scrupulously  accurate.  For  the  error  of 
11'  15*  of  the  Julian  year  amounts  precisely  to  a  day  in 
128  years.  It  differs  from  the  truth  only  one  minute  in 
120  years.  This  correction  took  place  in  A.  D.  1079,  at 
the  same  time  that  the  Arab  Alhazen  was  reforming  the 
science  of  astronomy  in  Spain. 

The  Gregorian  calendar,  however,  has  less  chance  of 
being  forgotten  or  mistaken.  Centurial  years  are  remark- 
able, and  call  the  attention,  even  by  the  unusual  sound  of 
the  words.  The  thirty.second  year  has  nothing  remark- 
able, and  may  be  overlooked. 

101.  It  now  appears  that  certain  attentions  are  necessary 
for  avoiding  mistakes,  when  we  would  appeal  to  very  dis- 
tant observations.  We  must  know  the  accurate  interval, 
however  large.     Although  one  hundred  Julian  years  con- 

>  days,  we  must  keep  in  mind,  that  between 
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1600  ind  1600  ten  days  are  wanting ;  anil  that  each  of 
the  centuries  1700  and  1600  also  want  a  day.  The  inter. 
val  from  the  beginning  of  our  era,  and  A.  D.  1582,  needs 
no  attention;  but  that  between  1505  and  1805  wants 
twelve  dayi  of  three  Julian  centuries. 

102.  We  must  alao  be  careful,  in  using  the  ancient  ob- 
servations, to  connect  the  yean  of  our  Lord  with  the  yean 
before  Christ  in  a  proper  manner.  An  eclipse  mentioned 
by  an  astronomer  as  having  happened  on  the  1st  of  Fe- 
bruary, anno  Stio  A.  C.  must  be  considered  as  happeniag 
in  the  forty-second  year  of  Julius  Csasar.  But  if  the  same 
tbina>'is  mentioned  by  a  historian  or  chronologist,  it  is 
much  more  probable  that  it  was  in  the  forty-third  year  of 
Caesar.  It  was  chiefly  to  prevent  all  ambiguities  of  this 
kind  that  Scaliger  contrived  what  he  called  the  Julian  period. 
This  is  a  number  made  by  multiplying  together  the  num- 
bers called  the  Lunar,  or  Metouic  cycle,  the  toiar  cycle,  and 
the  indiciitm.  The  lunar  cycle  is  19,  and  the  first  year  of 
our  Lord  was  the  second  of  this  cycle.  The  solar  cycle  is 
38,  being  the  number  of  years  in  which  the  days  of  the 
month  return  to  the  same  days  of  the  week.  Aa  the  year 
contains  fifty-two  weeks  and  one  day,  the  first  day  of  the 
year  (or  any  day  of  any  month)  falls  back  in  the  week  one 
day  every  year,  till  interrupted  by  the  intercalation  in  a 
bissextile  year.  This  makes  it  mil  back  two  days  in  that 
year ;  and  therefore  it  will  not  return  to  the  same  day  till 
after  Sour  tiroes  seven,  or  twenty-eight  years.  The  first 
year  of  our  Lord  was  the  tenth  of  this  cycle.  The  imdic- 
tJoh  is  a  cyeae  of  fifteen  years,  at  the  beginning  of  which 
a  tax  was  levied  over  the  Boman  empire.  It  took  place 
A.  D.  818 ;  and  if  reckoned  backward,  it  would  have  be* 
gun  three  years  before  the  Christian  era.  The  year  of 
this  cycle,  far  any  year  of  the  Christian  era,  will  therefore 
be  had  by  adding  three  to  tha  year,  and  dividing  by  fif- 
teen. The  product  of  these  three  numbers  is  7980 ;  and 
it  is  plain,  that  that  number  of  yean  must  elapse  before  a 
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jur  ota  have  the  same  place  in  all  the  three  cycles.  If, 
therefore,  we  know  the  place  of  these  cycles,  belonging 
to  any  year,  we  can  tell  what,  year  it  is  of  the  Julian  pe- 
nod. 

The  feat  year  of  our  en  was  the  second  of  the  luaar 
cycle,  the  tenth  of  the  solar,  and  the  fourth  of  indiction, 
and  the  4714th  of  the  Julian  period.  By  this  we  may  ar- 
range all  the  remarkable  eras  as  follows : 

J.  P.       ©     t    I.       A.  C. 

Era  of  the  Olympiads 8988       18    5    8       776,776 

Foundation  of  Borne. 8961       18    9    1       758,753 

Nabonasaar .3967      19  15    7      746,747 

Death  of  Alexander 4890  823,324 

Fwst  of  Julias  Cssar 4669       SI  14    4        44,46 

A.  Dean.  1 „ 4714       10    3    4 

103.  Sid  the  Metonic  cycle  of  the  Moon  correspond  ex- 
actly with  our  year,  it  would  mark  for  any  year  the  num- 
ber of  years  which  have  elapsed  since  it  was  new  Moon  on 
the  1st  of  January.  But  its  want  of  perfect  accuracy,  the 
vicinity  wf  an  intercalation,  and  the  lunar  equations,  some* 
□met  cause  an  error  of  two  days.  It  is  much  used,  how- 
ever, for  ordinary  calculations  for  the  Church  holidays. 
To  find  the  golden  number,  add  one  to  the  year  of  our 
Lord,  divide  the  sum  by  19,  the  remainder  is  toe  golden 
number.  If  there  be  no  remainder,  the  golden  number 
is  19. 

104.  Another  number,  called  Epact,  is  also  used  for  fa- 
cilitating the  calculation  of  new  and  full  Moon  in  a  gross 
way.  The  epact  is  nearly  the  Moon's  age  on  the  1st  of 
January.  To  find  it,  multiply  the  golden  number  by.  11, 
add  19  to  the  product,  and  divide  by  30.  The  remainder 
is  the  enact 

Knowing,  by  the  epact,  the  Moons  age  on  the  1st  of 
January,  and  the  day  of  one  year  corresponding  to  any  day 
of  a  month,  it  is  easy  to  find  the  Moan's  age  on  that  day, 
by  dividing  the  double  of  the  sum  of.  this  number  and  the 
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epact  by  59.     The  half  remainder  is  nearly  the  Moon's 
age. 

Although  these  rude  computations  do  not  correspond 
with  the  motions  of  the  two  luminaries,  they  deserve  notice, 
being  the  methods  employed  by  the  rules  of  the  church 
for  settling  the  moveable  church  festivals. 

Of  the  proper  Motions  of  the  Planets. 

10S.  The  planets  are  observed  to  change  their  situations 
in  the  starry  heavens,  and  move  among  the  signs  of  the  zo- 
diac, never  receding  far  from  the  ecliptic. 

Their  motions  are  exceedingly  irregular,  as  may  be  seen 
by  Fig.  11,  which  represents  the  motion  of  the  planet 
Jupiter,  from  the  beginning  of  1708  to  the  beginning  of 
1710.  E  K  represents  the  ecliptic,  and  the  initial  letters 
of  the  months  are  put  to  those  points  of  the  apparent  path 
where  the  planet  was  seen  on  the  first  day  of  each  month. 

It  appears  that,  on  the  1st  of  January  1708,  the  planet 
was  moving  slowly  eastward,  and  became  stationary  about 
the  middle  of  the  month,  in  the  second  degree  of  Libra. 
It  then  turned  westward,  gradually  increasing  its  westerly 
.  motion,  till  about  the  middle  of  March,  when  it  was  in 
opposition  to  the  Sun,  at  R,  all  the  while  deviating  farther 
from  the  ecliptic  toward  the  north.  It  now  slackened  its 
westerly  motion  every  day,  and  was  again  stationary  about 
the  80th  of  May,  in  die  twenty-second  degree  of  Virgo, 
and  had  come  nearer  to  the  ecliptic.  Jupiter  now  moved 
eastward,  nearly  parallel  to  the  ecliptic,  gradually  acceler- 
ating in  his  motion,  till  the  beginning  of  October,  when  he 
was  in  conjunction  with  the  Sun  at  D,  about  the  eleventh 
degree  of  Libra.  He  now  slackened  his  progressive  mo- 
tion every  day,  till  he  was  again  stationary,  in  the  second 
degree  of  Scorpio,  on  the  12th  or  13th  of  February  1709. 
He  then  moved  westward,  was  again  in  opposition,  in  die 
twenty-seventh  degree  of  Libra*  about  the  middle  of  April. 
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He  became  stationary,  about  the  end  of  June,  in  the  twen- 
ty-iirst  degree  of  Libra ;  and  from  this  place  he  again  pro- 
ceeded eastward ;  was  in  conjunction  about  the  beginning 
of  November,  very  near  the  star  in  the  southern  scale  of 
Libra;  and,  on  the  1st  of  January  1710,  he  was  in  the 
twenty-fourth  degree  of  Scorpio. 

This  figure  will  very  nearly  correspond  with  the  appar- 
ent motions  of  the  planet  in  the  same  months  of  180S  and 
1804.  Jupiter  will  go  on  in  this  manner,  forming  a  loop 
in  his  path  in  every  thirteenth  month ;  and  he  is  in  oppo- 
sition to  the  Sun,  when  in  the  middle  of  each  loop.  His 
regress  in  each  loop  is  about  10  degrees,  and  his  progres- 
sive motion  is  continued  about  40  degrees.  He  gradually 
approaches  the  ecliptic,  crosses  it,  deviates  to  the  south- 
ward, then  returns  towards  it ;  crosses  it,  about  six  years 
alter  bis  former  crossing,  and  in  about  twelve  years  conies 
to  where  he  was  at  the  beginning  of  these  observations. 

106.  The  other  planets,  and  particularly  Venus  and 
Mercury,  are  still  more  irregular  in  their  apparent  motions, 
and  have  but  few  circumstances  of  general  resemblance. 

The  first  general  remark  which  can  be  made  on  these 
intricate  motions  is,  that  a  planet  always  appears  largest 
when  in  the  points  R,  R,  R,  which  are  in  the  middle  of 
its  retrograde  motions.  Its  diameter  gradually  diminishes, 
and  becomes  the  least  of  all  when  in  the  points  V,  D',  I>, 
which  are  in  the  middle  of  its  direct  motions.  Hence  we 
infer,  that  the  planet  is  nearest  to  the  Earth  when  in  the 
middle  of  its  retrograde  motion,  and  farthest  from  it  when 
in  the  middle  of  its  direct  motion. 

It  may  also  be  remarked,  that  *  planet  is  always  in  con- 
junction with  the  Sun,  or  comes  to  our  meridian  at  noon, 
when  in  the  middle  of  its  direct  motions.  The  planets 
Venus  and  Mercury  are  also  in  conjunction- with  the  Sun' 
when  in  the  middle  of  their  retrograde  motions.  But  the 
planets  Mars,  Jupiter,  and  Saturn,  are  always  in  opposi- 
tion to  the  Sun,  or  come  to  our  meridian  at  midnight, 
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when  in  the  middle  of  their  retrograde  motions.  Their  si- 
tuations also,  when  stationary,  are  always  similar,  retain 
to  the  Sun.  These  appearances  in  all  the  planetary  mo- 
tions hare  therefore  an  evident  relation  to  the  Sun's  place. 
107-  The  ancient  astronomers  were  of  opinion,  that  the 
perfection  of  nature  required  all  motions  to  be  uniform,  an 
far  as  the  purpose  in  view  would  permit  The  planetary 
notions  must  therefore  be  uniform,  in  a  figure  that  is  uni- 
form ;  and  die  astronomers  maintained,  that  the  observed 
irregularities  were  only  apparent.  Their  method  for  re- 
conciling these  with  their  principle  of  perfection  is  very  ob- 
viously suggested  by  the  representation  here  given  of  the 
motion  of  Jupiter.  They  taught,  that  the  planet  moves 
uniformly  in  the  circumference  of  a  circle  qr  t  (Kg.  It ) 
in  a  year,  while  the  centre  Q  of  this  circle  is  carried  uni- 
formly round  the  Earth  T,  in  the  circumference  of  another 
circle  QAL.  The  circle  Q  A  L  is  called  the  defrreht 
circle,  and  qr  a  is  called  the  epicycle.  They  explained 
the  deviation  from  the  ecliptic,  by  saying,  that  the  deferent 
and  the  epicycle  were  in  planes  different  from  that  of  the 
ecliptic.  By  various  trials  of  different  proportions  of  the 
deferent  and  the  epicycle,  they  hit  on  such  dimensions  as 
produced  the  quantity  of  retrograde  motion  that  was  ob- 
served to  be  combined  with  the  general  progress  in  the 
order  of  the  signs  of  the  zodiac. — But  another  inequality 
was  observed.  The  arch  of  the  heavens  intercepted  .be- 
tween two  successive  oppositions  of  Jupiter  (for  example), 
was  observed  to  be  variable,  being  always  less  in  a  certain 
part  of  the  zodiac,  and  gradually  increasing  to  a  maximum 
state  in  the  opposite  part  of  the  zodiac. 

In  order  to  correspond  with  this  second  inequality, 
as  it  was  called,  and  yet  not  to  imply  any  inequality  of  the 
motion  of  the  epicycle  m  the  circumference  of  the  deferent 
circle,  the  astronomers  placed  the  Earth  not  in,  but  at  a 
certain  distance  from,  the  centre  of  the  deferent ;  so  that 
an  equal  arch  between  two  succeeding  oppositions  should 
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i  m  smaller  angle,  when  it  in  on  the  other  side  of 
that  centre.  Thus,  the  unequal  motion  of  the  epicycle 
was  explained  in  the  same  way  as  the  Son's  unequal  mo- 
tion in  his  annual  orbit  The  line  drawn  through  the 
Earth  and  the  centre  of  the  deferent  is  called  the  line  of 
the  planet's  apsides,  and  its  extremities  are  called  the  apo- 
gee and  perigee  of  the  deferent  aa  in  the  case  of  the  Sun's 
orbit  (54.)  In  this  manner,  they  at  hut  composed  a  set 
of  motions  which  agreed  tolerably  well  with  observation. 

The  celebrated  geometer  Apolkmiua  gave  very  judicious 
directions  how  to  proportion  the  epicycle  to  the  deferent 
circle.  But  they  seam  not  to  have  been  attended  to,  even 
by  Ptolemy ;  and  the  astronomers  remained  very  ignorant 
of  any  method  of  construction  which  agreed  sufficiently 
with  the  phenomena,  till  about  the  thirteenth  century, 
when  the  doctrine  of  epicycles  was  cultivated  with  more 
care  and  skill. 

A  very  full  and  distinct  account  is  given  of  all  the  in- 
genious contrivances  of  the  ancient  astronomers  for  explain- 
ing the  irregularities  of  the  celestial  motions,  in  the  first 
part  of  Dr  Small's  History  of  the  Discover**  of  Kepter, 
published  in  1803. 

Of  the  Motions  of  Venue  and  Mercury. 
108,  Venus  has  been- sometimes  seen  moving  across  the 
Sun's  disk  from  east  to  west,  in  the  form  of  a  round  black 
spot,  with  an  apparent  diameter  of  about  59".  A  few  days 
after  this  has  been  observed,  Venus  is  seen  in  the  morning, 
rising  a  little  before  the  Sun,  in  the  form  of  a  fine  crescent, 
with  the  convexity  turned  toward  the  Sun.  She  moves 
gradually  westward,  separating  from  the  Sun,  with  a  re- 
tarded motion,  and  the  crescent  becomes  more  full.  In 
about  ten  weeks,  she  has  moved  46°  west  of  the  Sun,  and 
is  now  a  semicircle,  and  her  diameter  is  26".  She  now  se- 
parates no  farther  from  the  Sun,  but  moves  eastward,  with 
a  motion  gradually  accelerated,  and  she  gradually  dimln- 
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ishes  in  apparent  diameter.  She  overtakes  the  Sun,  about 
9i  months  after  having  been  seen  on  bis  disk.  .  Some  time 
after,  Venus  is  Been  in  the  evening,  east  of  the  Sun,  round, 
but  very  small.  She  moves  eastward,  and  increases  in  ap- 
parent diameter,  but  loses  of  her  roundness,  till  she  gets 
about  46°  east  of  the  Sun,  when  she  is  again  a  semicircle, 
having  the  convexity  toward  the  Sun.  She  now  moves 
westward,  increasing  in  diameter,  but  becoming  a  crescent, 
like  the  waning  Moon ;  and,  at  last,  after  a  period  of  near- 
ly 584  days,  comes  again  into  conjunction  with  the  Sun, 
with  an  apparent  diameter  of  59". 

109.  From  these  phenomena  we  conclude,  that  the  Sun 
is  included  within  the  orbit  of  Venus,  and  is  not  far  from 
its  centre,  while  the  Earth  is  without  this  orbit.  There* 
fore,  while  the  Sun  revolves  round  the  Earth,  Venus  re- 
volves round  the  Sun. 

The  time  of  the  revolution  of  Venus  round  the  Sua  may 
be  deduced  from  the  interval  which  elapses  between  two  or 
more  conjunctions,  by  help  of  the  following  theorem : 

110.  Let  two  bodies,  A  and  B,.  revolve  uniformly  in 
the  same  direction,  and  let  a  and  6  be  their  respective  pe- 
riods, of  which  6  is  the  least,  and  t  the  interval  between 
two  successive  conjunctions  or  oppositions. 

at  bt 

Then  0=/TTV  an(*  a— iZ^n' 

For  tlie  angular  motions  are  inversely  proportional  to 
the  periodic  times.      Therefore  the  angular  motions  of 

A  and  B  are  as  -  and  -.     And,  since  they  move  in  the 
a       b  J 

same  direction,   the  synodical  or  relative  motion  is   the 

difference  of  their  angular  motions.     Therefore  the  fun- 

.  Ill        „  1_  1   .  1    _ 

damental  equation  is  r— -  =~-       Hence  b~~~t     a?  ~ 

a  +  t  at  111         *  —  b 

—r,  and  6=  ■—-->  Also-  =  r— 7,  =  77-",  and  a  = 
at  a  + 1  a       0     t  to 

bt 

t  —  b' 
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We  may  also  calculate  the  By  nodical  period  t,  when  we 

1       1     1      a— b 

know  the  real  periods  of  each.     For":  —  i~ ~  =  — r~ » 

ab 
and  t —  — •,. 
a — b 

This  gives,  for  the  periodic  time  of  Venus  round  the 
Sun,  2S*1  IB*  4&  IS-. 

111.  But  it  is  evident,  that  if  this  angular  motion  is  not 
uniform,  the  interval  between  two  successive  conjunctions 
may  chance  to  give  a  false  measure  of  the  period.  But 
by  observing  many  conjunctions  in  various  parts  of  the 
heavens,  and  by  dividing  the  interval  between  the  first  and 
last  by  the  number  of  intervals  between  each  (taking  care 
that  the  first  and  last  shall  be  nearly  in  the  same  part  of 
the  heavens),  it  is  evident  that  the  inequalities  being  dis- 
tributed among  them  all,  the  quotient  may  be  taken  as 
nearly  an  exact  medium.  Hence  arises  the  great  value  of 
ancient  observations.  In  eight  years  we  have  five  con- 
junctions  of  Venus,  and  she  is  only  1°  82'  short  of  the 
place  of  die  first  conjunction.  The  period  deduced  from 
the  conjunctions  in  1761  and  1769,  scarcely  differs  from 
that  deduced  from  the  conjunctions  in  1639  and  1761. 
But  die  other  planets  require  more  distant  observations. 

112.  Venus  does  not  move  uniformly  in  her  orbit.  For 
if  the  place  of  Venus  in  the  heavens  be  observed  in  a  great 
number  of  successive  conjunctions  with  the  Sun  (at  which 
time  her  place  in  the  ecliptic,  as  seen  from  the  Sun,  is 
either  the  Sun's  place,  as  seen  from  the  Earth,  or  the  oppo- 
site to  it),  we  find  that  her  changes  of  place  are  not  propor- 
tional to  the  elapsed  times.  By  observations  of  this  kind,  we 
learn  the  inequality  of  the  angular  motion  of  Venus  round 
the  Sun,  and  hence  can  find  the  equations  for  every  point 
of  the  orbit  of  Venus,  and  can  thence  deduce  the  position 
of  Venus,  as  seen  from  the  Sun,  for  any  given  instant 

This,  however,  requires  more  observations  of  this  kind 
than  we  are  yet  possessed  of,  because  her  conjunctions 
Vol.  III.  D 
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happen  so  nearly  in  the  same  points  of  her  orbit,  that  great 
part  of  it  is  left  without  observations  of  this  kind.  But 
we  have  other  observations  of  almost  equal  value,  namely, 
those  of  her  greatest  elongations  from  the  Sun.  There  is 
none  of  the  planets,  therefore,  of  which  the  equations 
(which  indeed  are  very  small)  are  more  accurately  deter- 
mined. 

118.  We  can  now  determine  the  form  and  position  of 
the  orbit  For  we  can  observe  the  place  of  the  Sun,  or 
the  position  of  the  line  E  S,  (Fig.  IS.)  joining  the  Earth 
and  Sun.  We  know  the  length  of  this  line  (58.)  Wc 
can  observe  the  geocentric  place  of  Venus,  or  the  position 
of  the  line  E  D  joining  the  Earth  and  Venus.  And  we 
can  compute  (lift.)  the  heliocentric  place  of  Venus,  or 
the  position  of  the  line  S  C  joining  Venus  and  the  Sun. 
Venus  must  be  in  V,  the  intersection  of  these  two  lines  | 
and  therefore  that  point  of  her  orbit  is  determined. 

114.  By  such  observations  Kepler  discovered,  that  the 
orbit  of  Venus  is  an  ellipse,  having  the  Sun  in  one  focus, 
the  semitransrerse  axis  being  72838,  and  the  eccentricity 
510,  measured  on  a  scale  of  which  the  Suns  mean  distance 
from  the  Earth  is  100000. 

115.  The  upper  apsis  of  the  orbit  is  called  the  atbe- 
lion,  and  the  lower  apsis  is  called  the  hrihkuon  of  Ve- 
nus. 

116.  The  line  of  the  apsides  has  a  slow  motion  east- 
ward, at  the  rate  of  8°  44*  46"  in  a  century. 

1  IT.  The  orbit  of  Venus  is  inclined  to  the  ecliptic  at  an 
angle  of  3°  SO',  and  the  nodes  move  westward,  about  31"  in 
a  year. 

118.  Venus  moves  in  this  orbit  so  as  to  describe  round 
the  Sun  areas  proportional  to  the  times. 

119.  The  planet  Mercury  resembles  Venus  in  all  the 
circumstances  of  her  apparent  motion;  and  we  make  simi- 
lar inferences  with  respect  to  the  real  motions.  His  orbit 
is  discovered  to  be  an  ellipse,  having  the  Sun  in  one  focus. 
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The  emkransrorae  axis  »  38710,  and  the  eccentricity 
79KL  Tbc  apsides  move  eastward  1°  67  SO"  in  •  «ewurv.. 
The  orbk  is  ioeEeed  to-  tfae  ecliptic  7°.  The  nodes  move 
westward  45'  in  a  year.  The  periodic  timew  87*  23*  15' 
87' ,  and  areas  ate  deaeribed  proportional  to  the  Uiaes. 

Of  &e  proper  Motimteftke  Suptrier  Piantt*. 

180.  Mart,  Jupiter,  and  Satan,  exhibit  phenomena 
CBwidewhly  diftreat  from  those  exhibited  by  Mercury 
and  Venus. 

1.  They  come  to  our  meridian  both  at  noon  and  at  mid- 
night When  they  come  to  our  meridian  at  noon,  and  are 
is  the  ecliptic,  they  are  never  seen  crowing  the  Sub's  disk. 
Hence  we  infer,  that  their  orbits  include  both  die  Son  and 
the  Earth, 

2.  They  are  always  retrograde  when  in  opposition,  and 
direct  when  in  conjunction. 

The  planet  Jupiter  may  serve  as  an  example  of  the  way 
in  which  their  real  motions  may  be  investigated. 

1*1 .  Jupiter  is  an  opaque  body,  visible  by  means  of  the 
reflected  light  of  the  Sun.  For  the  shadows  of  some  of  the 
heavenly  bodies  are  sometimes  observed  on  his  disk,  and 
his  shadow  frequently  falls  on  them. 

122.  His  apparent  diameter,  when  in  opposition,  is  about 
46",  and,  when  in  conjunction,  it  is  about  SI ",  and  bis  disk 
is  always  round.  Hence  we  infer,  that  he  is  nearest  when 
in  opposition,  and  that  his  least  and  greatest  distance  are 
nearly  as  two  to  three.  The  Earth  is,  therefore,  far  re- 
moved from  the  centre  of  his  motion ;  and,  if  we  endeavour 
to  explain  bis  motion  by  means  of  a  deferent  circle  and  an 
epicycle,  the  radius  of  the  deferent  must  be  about  five 
tones  the  radius  of  the  epicycle. 

123.  Since  Jupiter  is  always  retrograde  when  in  oppo- 
sition, and  direct  when  in  conjunction,  his  position,  with 
respect  to  the  centre  of  his  epicycle,  must  be  similar  to  the 
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position  of  the  Sua  with  respect  to  the  Earth.  His  motion, 
therefore,  in  the  epicycle,  has  a  dependence  on  the  motion 
of  the  Sun ;  and  his  motion,  as  seen  from  the  Sun,  must  be 
simpler  than  as  seen  from  the  Earth. 

His  position,  as  seen  from  the  Sun,  may  be  accurately 
observed  in  every  opposition  and  conjunction. 

It  was  very  natural  for  the  ancient  astronomers  of  Greece 
to  infer,  from  what  has  been  said  just  now,  that  the  posi- 
tion of  Jupiter,  in  respect  of  the  centre  of  his  epicycle,  was 
the  same  as  that  of  the  Sun  in  respect  of  the  Earth,  not 
only  in  opposition  and  conjunction,  but  in  every  other 
situation.  '  For,  in  twelve  years,  we  see  it  to  be  so  in  the 
oppositions  observed  in  twelve  parts  of  the  heavens,  and  in 
8S  years  we  see  it  in  76  parts.  It  is  very  improbable,  there- 
fore, that  it  should  be  otherwise  in  the  intervals. 

The  motion  of  a  superior  planet  may  be  explained  upon 
these  principles  in  the  following  manner : 

Let  T  (Fig.  12.)  be  the  Earth,  and.*.  It  fyx.be  the 
Sun's  orbit  Also,  let  A,  B,  C,  D,  E,  F,  G,  H,  I,  be  the 
places  of  the  centre  of  the  epicycle  in  the  circumference  of 
the  deferent  when  the  Sun  is  in  «,  js,  *,  J,  i,  9,  y,  x, «,  make 
A  a  parallel  to  T*.  and  B  b  parallel  to  T  $,  and  Cc  parallel 
to  T  ..  &c  and  make  these  lines  of  a  length  that  is  duly 
proportioned  (by  the  Apollonian  rule)  to  the  radius  T  A 
of  the  deferent  circle. 

When  the  Sun  is  in  *,  e. »,  &c.  the  centre  of  the  epicycle 
is  in  A,  B,  C,  &c  and  the  planet  is  in  a,  b,  c,  Sec.  and  the 
dotted  curve  a  bedefg h ah  is  its  path  in  absolute  space1 
between  two  succeeding  oppositions  to  the  Sun,  viz.  in  a, 
and  in  1c.  l 

124.  If  we  make  the  radius  of  Jupiter's  deferent  circle 
to  that  of  the  epicycle,  as  5&  to  10,  the  epicyclical  motion 
arising  from  this  construction  will  very  nearly  agree  with 
the  observation.  Only  we  may  observe,  that  the  opposi- 
tions which  succeed  each  other  near  the  constellation  Virgo, 
are  less  distant  from  one  another  than  those  observed  in  the 
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opposite  part  of  the  heavens ;  so  that  the  centre  of  the  epU 
cycle  seans  to  move  slower  in  the  first  case  thin  in  the  last. 
To  reconcile  this  with  the  perfect  uniformity  of  the  motion 
of  that  centre  in  the  circumference  of  the  deferent  circle, 
the  ancient  astronomers  said  that  the  earth  was  not  exactly 
in  the  centre  of  the  deferent,  but  so  placed  that  the  equable 
motion  of  the  centre  of  the  epicycle  appeared  slower,  be- 
cause it  is  then  more  remote ;  and  after  various  trials,  they 
fixed  on  a  degree  of  eccentricity  for  the  deferent,  which 
accorded  better  than  any  other  with  the  observations,  and 
really  differed  very  little  from  them.  Copernicus  shews 
that  their  hypothesis  for  Jupiter  never  deviates  more  than 
half  a  degree  from  observation,  if  it  be  properly  employed. 
They  found  that  the  epicycle  moved  round  the  deferent 
in  4332J  days,  with  an  equation  gradually  increasing  to 
near  6  degrees ;  so  that  if  the  place  of  the  epicycle  be  cal- 
culated for  a  quarter  of  a  revolution  from  the  apogee,  at  the 
mean  rate  of  6"  per  day,  it  will  be  found  too  far  advanced 
by  near  ten  weeks  motion. 

■  126. .  But  the  ancient  astronomers  had  no  such  data  for 
determining  the  absolute,  magnitude  of  the  deferent  circles 
and  epicycles  for  the  superior  planets,  as  Mercury  and  Venus 
afforded  them.  The  rules  given  them  by  Apollonius  only 
taught  them  what  proportion  the  epicycle  of  each  planet 
must  have  to  its  deferent  circle,  but  gave  no  information  as 
to  the  absolute  magnitude  of  either,  or  the  proportion  be- 
tween the  deferent  circles  of  any  two  superior  planets. 
Accordingly,  no  two  ancient  astronomers  agree  in  their 
measures,  farther  than  in  saying  that  Saturn  is  farther  off 
than  Jupiter,  and  Jupiter  than  Mars.  This  they  inferred 
from  their  longer  periods.  All  they  had  to  take  care  of  was 
to  make  their  sizes  sufficiently  different,  so  that  the  epi- 
cycles of  two  neighbouring  planets  should  not  cross  and 
justle  each  other.  Yet  they  might  easily  have  come  very 
near  the  truth,  by  a  small  and  very  allowable  addition  to 
their  hypothesis  of  epyyclieal  motion,  namely,  by  suppos- 
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ing  that  the  epicycle  of  each  planet  is  eqa*l  to  the  9aa\ 
orbit     This  was  quite  allowable. 

186.  If  we  do  this,  we  shall  deduce  consequences  that 
are  very  remarkable,  and  which  would  have  put  the  ancient 
astronomy  on  a  footing  very  near  to  perfection.  For,  if 
C  c  (Ftg.  18.)  be  not  only  parallel  to  T  «,  bat  also  equal  to 
it,  then  C  T-e  it  a  parafckigram,  and  >c  is  equal  and 
parallel  to  TC.  The  bearing  (to  -express  it  as  a  roanae*) 
and  distance  of  Jupiter  from  the  Sua  is  at  all  lawn  the 
same  with  the  bearing  and  distance  ef  the  centre  of  bis  epi- 
cycle from  the  Earth ;  and  Jupiter  »  always  found  in  an 
orbit  round  the  Sun,  equal  and  smuts*-  to  the  defereotorbit 
round  the  Earth.  Thus,  .a  is  eqnal  to  T  A;  asto  TB; 
■  ctoTC,  fee.  with  respect  to  all  the  points  of  one  looped 
curve.  If  the  Earth  he  in  the  centre  of  the  deferent,  the 
distance  of  Jupiter  from  the  Snn  is  always  she  same,  and 
he  may  be  said  to  describe  a  circle  ronod  the  San,  white 
the  Sun  moves  round  the  Earth.  Nay,  it  results  front  the 
equality  of  A  o  to  T.  of  Bft  to  To,  be.  that  whatever 
eccentricity,  or  Whatever  form  it  has  been  thought  neoea- 
aary  to  assign  to  the  deferent,  the  distances  *«,«»»  **,*». 
will  still  be  respectively  equal  to  T  A,  TB,  TC,  lea  Thai 
circle  which  the  astronomera  called  the  deferent,  became  it 
is  supposed  to  carry  Jupiter's  epicycle  wend  the  Earth, 
may  be  supposed  to  accompany  the  Sun,  being  carried 
round  by  him  in  a  year,  die  line  of  its  apsides  (124.)  keep- 
ing parallel  to  itself,  that  is,  in  oar  figure,  to  T  A.  And 
thus,  the  motion  of  Jupiter  round  the  Sun  will  be  incom- 
parably more  simple  than  the  moped  curve  round  the 
Earth  ;  for  it  will  be  precisely  the  motion  which  was  given 
by  the  astronomers  to  the  centre  of  Jupiter's  epicycle.  The 
motion  of  Jupiter  in  absolute  space  is  indeed  the  same 
looped  curve  in  both  cases ;  but  the  way  of  conceiving  it  is 
much  much  more  simple. 

1X7.  This  supposition  of  the  equality  of  Jupiter's  epi- 
cycle to  the  Sun's  orbit,  and  the  parsifetiam  of  C  c  to  T ■* 


KibyGoogle 


CALOOLATMH  OF  JUHTU's  M-fcCI.  £5 

in  every  position  of  Jopker,  we  fully  verified  by  the  modem 
discoveries  of  his  sntelHtes.  These  little  plsnets  revolve 
round  him  with  perfect  regularity,  their  shadows  fre- 
quently fall  on  his  disk,  and  they  are  often  obscured  by  his 
shadow.  This  shews  the  position  of  Jupiter's  shadow  at 
aD  times,  and,  consequently,  Jupiter's  position  in  respect  of 
me  Sun.  This  we  find  at  all  times  to  be  parallel  to  the 
supposed  position  of  the  centre  of  bit*  epicycle.  Thus  ■  e 
is  found  parallel  to  T  C. 

128.  We  now  can  tell  the  precise  point  in  which  Jupiter 
is  round  in  any  moment  of  time.  Having  made  the  radius 
T  ■  to  the  radius  T  A  in  the  due  proportion  of  10  to  Si, 
and  having  placed 'the  Earth  at  the  proper  distance  from 
die  centre  of  the  deferent  Q  A  L,  we  can  calculate  (60.) 
the  position  and  length  of  the  line  T  ■  joining  the  Earth 
with  me  Sun.  We  can  draw  the  hne  TC  to  the  sup- 
posed centre  of  Jupiter's  epicycle,  having  learned  the  law 
or  equation  of  the  supposed  motion  of  that  centre  by  our 
observation  oppositions  in  all  quarters  of  the  ecliptic  (184.) 
and  we  then  draw  >V  parallel  to  it  This  must  pass 
through  Jupiter,  or  Jupiter  must  be  somewhere  in  this 
hne.  We  observe  Junker,  however,  in  the  direction  T  Z. 
Jupiter  must  therefore  be  in  the  intersection  c  of  the  lines 
■V  and  TZ.  And  then  we  can  measure  c,  Jupiter's  dis- 
tance from  the  Sun. 

199-  Kepler,  by  taking  this  method  with  a  series  of  ob- 
servations made  by  Tycho  Brahe',  discovered  that  Jupiter 
was  always  found  in  the  circumference  of  an  ellipse,  hav- 
ing the  Sun  in  its  focus.  Its  semitransverse  axis  is  520098, 
the  mean  distance  of  the  Earth  from  the  Sun  being  sup- 
posed 100000.  Its  eccentricity  is  25277.  Its  inclination 
to  the  ecliptic  is  1°  SO1,  and  the  nodes  move  eastward  about 
1'  in  a  year. 

180.  The  revolution  in  this  orbit  is  completed  in  433£& 
days,  and  areas  are  described  proportional  to  the  times. 

131.  Proceeding  in  the  same  manner,  we  discover  that 
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the  planets  Mors,  Saturn,  and  the  one  discovered  by  Dr 
Herschel  in  1781,  are  always  found  in  the  circumferenoeof 
ellipses,  with  the  Sun  in  one  focus,  and  describe  round  him 
areas  proportional  to  the  times. 

The  chief  circumstances  of  their  motions  are  stated,  as 
follows ; 

Mean  Dittoncc.        BcaaMcUg.        Period  *•  »«W- 
Georgian  planet      1Q0S684-  90738  30466,07 

Saturn    -    -    -    -  953941  53210  10759,27 

Mars    ....      162369  14318  686,98 

132.  Two  other  bodies  have  lately  been  detected  in  the 
planetary  regions,  revolving  round  the  Snn  in  orbu)s  which 
do  not  seem  very  eccentric,  and  seem  placed  between  those 
of  Mars  and  Jupiter.  The  first  was  observed  in  180 J  by 
Mr  Piazzi  of  Palermo,  and  by  him  named  Ceres.  The 
other  was  discovered  in  1802  by  Mr  Olbers  of  Bremen, 
who  has  called  it  Pallas.  They  are  exceedingly  small, 
and  we  have  seen  too  little  of  their  motions  as  yet  to  en- 
able us  to  state  their  elements  with  any  precision.* 

133.  Thus  it  has  been  discovered,  that,  while  the  Sun 
revolves  round  the  Earth,  the  six  planets  now  mentioned 
are  always  found  in  the  circumferences  of  ellipses,  having 
the  Sun  in  one  focus,  and  that  they  describe  round  the 
Sun  areas  proportional  to  the  times. 

134.  But  now,  instead  of  supposing  that  the  centre  of  a 
small  epicyle  is  carried  round  the  circumference  of  a  great- 
er deferent  circle,  different  for  each  planet,  we  may  rather 
consider  the  Sun's  orbit  round  the  Earth  as  the  only  de- 
ferent circle,  and  suppose  that  the  planets  describe  their 

*  The  following  are  the  chief  cireomsUooes  of  their  motions ;  the 
mean  distance  of  the  Earth  being  100,000. 

Ham  diiumv-    Ecomtriatj.    Period  in  Day.. 
Pallas,     -     979100         24830         1703d  17h  Sider.  Hevol. 
Ceres,    -    976600  BUI        1581    12   Tropical  ditto. 

Juno,  -     -  265700  25096  1198  Ditto. 

Vest*,     •     237300  9338         1155  Ditto.  Ed. 
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great  elliptical  epicycles  round  him  with  different  periods, 
while  he  mores  round  the  Earth  in  a  year.  The  real  mo- 
tions of  the  planets  are  still  the  same  looped  curves  in  both 
esses.  For,  in  either  case,  the  motion  of  a  planet  is  com- 
pounded of  the  same  motions.  But  the  latter  supposition 
is  much  more  probable.  We  can  scarcely  conceive  the 
motion  of  Jupiter  in  the  epicycle  qraaa  having  any  phy- 
sical relation  to  its  centre,  a  mere  mathematical  point  of 
space.  We  cannot  consider  this  point  as  having  any  phy- 
sical properties  that,  shall  influence  the  motions  of  the  pla- 
net. This  point  also  is  supposed  to.  be  in  motion,  carrying 
with  it  the  influence  by  which  the  planet  is  retained  in  the 
circumference  of  the  epicycle.  This  is  another  inconceiv- 
able circumstance.  This  combination  of  circles,  therefore, 
cannot  be  considered  as  any  thing  but  a  mere  mathemati- 
cal hypothesis,  to  furnish  some  means  of  calculation,  or  for 
the  delineation  of  the  looped  path  of  the  planet.  Accord- 
ingly, the  first  proposers  of  these  epicycles,  sensible  of 
the  mere  nothingness  of  their  centre,  and  the  impossibility 
of  a  nothing  moving  in  the  circumference  of  a  circle,  and 
drawing  a  planet  along  with  it,  farther  supposed  that  the 
epicycles  were  vast  solid  transparent  globes,  and  that  the 
planet  was  a  luminous  point  or  star,  sticking  in  the  surface 
of  this  globe.  And,  to  complete  the  hypothesis,  they  sup- 
posed that  the  globe  turned  round  its  centre,  carrying  the 
planet  round  with  it,  and  thus  produced  the  direct  and  re- 
trograde motions  that  we  observe.  Aristotle  taught,  that 
this  motion  was  effected  by  the  genius  of  the  planet  resid- 
ing in  the  globe,  and  directing  it,  as  the  mind  of  man  di- 
rects his  motions.  But,  fuuther,  to  account  for  the  motion 
of  this  globe  in  the  circumference  of  the  deferent,  the  an- 
cient philosophers  supposed,  that  the  deferent  was  also  a 
vast  crystalline,  or,  at  least,  transparent  material  spherical 
shell,  turning  round  the  earth,  and  that  this  shell  was  of 
sufficient  thickness  to  receive  the  epicyclic  globe  within  its 
solid  substance,  not  adhering,  but  at  liberty  to  turn  round 
its  own  centre.     This  hypothesis,  though  more  like  the 
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draamof  ft  feverish  nu  dun  the  thoughts  of  on*  in  his 
sense*,  wm  received  a*  unquestionable,  from  the  time  of 
Aristotle  till  that  of  Copernicus.  It  is  scarcely  credible, 
that  thinking  men  should  admit  its  truth  for  a  minute,  even 
in  its  moat  admissible  form.  But  as  the  art  of  observing 
improved,  it  was  found  necessary  to  add  another  epicycle 
to  the  one  already  admitted,  in  order  to  account  for  aa  an- 
nual inequality  in  the  cpicydical  motion.  This  was  a  smnM 
transparent  globe,  placed  where  Aristotle  placed  the  plane^ 
and  the  planet  was  stuck  on  it*  surface.  Uvea  this  was 
found  insufficient,  and  another  set  of  epicycles  were  added, 
(ill,  in  short,  the  heavens  were  filled  with  sotid  matter.  It 
is  needless  to  say  any  more  of  this  epicyclieal  doctrine  and 
machinery. 

185.  But  the  other  mode  of  conceiving  the  planetary 
motions,  while  it  equally  furnishes  the  means  of  calculation 
or  graphical  operation,  has  much  more  the  appearance  of 
reality.  The  Sun's  motion  is  round  the  Earth,  which  we 
are  naturally  disposed  to  think  the  centre  of  the  world ; 
and  the  planets  revolve,  not  round  a  mathematical  point, 
a  nothing,  but  round  the  Sun,  a  real  and  very  remarkable 
substance. 

136.  Kepler,  to  whom  we  are  indented  for  this  discovery 
of  the  elliptical  motions,  and  the  equable  description  of 
areas,  also  observed,  that  the  squares  of  the  periodic  times 
in  these  ellipses  are  proportional  to  the  cubes  of  the  mean 
distances  from  the  Sun.  He  also  observed  the  same  anal- 
ogy with  respect  to  the  Sun's  period  and  distance  from  the 
Earth. 

187.  The  distances  here  alluded  to  are  all  taken  from  a 
scale  of  equal  parts,  of  which  the  Sun's  mean  distance  from 
die  Earth,  contains  100000.  But  astronomers  wish  to 
know  the  absolute  quantity  of  those  distances  in  some 
known  measures.  This  may  be  learned  fay  means  of  the 
parallax  of  any  one  of  the  planets.  Thus,  let  Mars  be  in 
M,  (Fig.  14.)  and  let  his  distance  from  some  fixed  star  C 
be  observed  by  two  persons  on  the  surface  of  the  Earth  at 
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A  ind  B.     The  difference  G  D  of  the  observed  distances   - 
C  G,  C  D,  will  give  the  angle  D  M  G,  or  its  equal  A  M  B. 
The  angles  M  A  B  and  M  B  A  art  given  by  observation, 
and  the  line  A  B  it  given ;  and  therefore  A  M,  and  con- 
sequently E  M,  may  be  computed  in  mile*. 

The  transit  of  Venus  across  the  Sun's  disk  affords  nraeh 
better  observations  for  this  purpose.  For,  at  the  time, 
Venus  is  mneb  nearer  to  the  Earth  than  Mars  is  when  in 
apposition,  their  distances  from  ns  being  nearly  as  26  to 
St.  Therefore  the  distance  between  the  observers  will 
subtend  a  larger  angle  at  Venus.  This  may  be  measured 
by  the  distance  between  the  apparent  tracks  of  Venus  across 
the  Sun's  disk.  A  spectator  in  Lapland,  for  example,  sees 
Venus  move  in  the  line  C  D,  (Fig.  15  )  while  one  at  the 
Cape  of  Good  Hope  sees  her  move  in  the  line  A  B.  Also, 
as  C  D  is  a  shorter  chord  than  A  B,  the  transit  will  occupy 
less  time.  This  difference  in  time,  amounting,  in  soma 
fortunate  cases,  to  many  minutes,  will  give  a  very  exact 
measure  of  the  interval  between  those  two  chords. 

138.  The  transits  in  1761  and  1769  were  employed  far 
flris  purpose,  at  the  earnest  recommendation  of  Dr  Ed- 
mund Hslley.  From  those  observations,  combined  with 
the  proporttons  deduced  from  KepWs  third  law,  we  may 
assume  the  following  distances  from  the  Sun  in  English 
statute  miles,  as  pretty  near  the  truth. 


The  Earth 

96,786,900 

Mercury 

86,881,700 

Venus        . 

67,796^000 

Mars     - 

148,818,000 

-Jupiter     - 

«7,4.7K,000 

Saturn 

894,162,000 

Georgian  Planet 

-     1,789,962,000* 

*  The  following  ire  the  <Ust*&ea  of  the  new  plsnsts,  in  miles ; 

mta.  Miles. 

PsDss  2Ss,ooo,000  Juno      -      234,000,000 

'Ceres      -    wmjmOfiOO  Vesta    -      «Sfi,000,00«    .En. 
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Of the  Secondary  Planets. 

139.  Jupiter  is  observed  to  be  always  accompanied  by 
four  small  planets  called  satellites,  which  revolve  round 
him,  while  he  revolves  round  the  Sun. 

Their  distances  from  Jupiter  are  measured  by  means  of 
their  greatest  elongations,  and  their  periods  are  discovered 
by  their  eclipses,  when  they  come  into  his  shadow,  and  by 
other  methods.  They  are  observed  to  describe  ellipses, 
having  Jupiter  in  one  focus ;  and  they  describe  areas 
round  Jupiter,  which  are  proportional  to  the  limes.  Also 
the  squares  of  their  periods  are  in  the  proportion  of  the 
cubes  of  their  mean  distances  from  Jupiter. 

140.  It  has  been  discovered,  by  means  of  the  eclipses  of 
Jupiter's  satellites,  that  light  is  propagated  in  lime,  and 
employs  about  8'  11"  in  moving  along  a  line  equal  to  the 
mean  distance  of  the  Earth  from  the  Sun. 

The  times  of  the  revolutions  of  these  little  bodies  had 
been  studied  with  the  greatest  care,  on  account  of  the  easy 
and  accurate  means  which  their  frequent  eclipses  gave  us 
for  ascertaining  the  longitudes  of  places.  But  it  was 
found,  that,  after  having  calculated  the  time  of  an  eclipse 
in  conformity  to  the  periods,  which  had  been  most  accu- 
rately determined,  the  eclipse  happened  later  than  the  cal- 
culation, in  proportion  as  Jupiter  was  farther  from  the 
Earth.  If  an  eclipse,  when  Jupiter  is  in  opposition,  be 
observed  to  happen  precisely  at  the  time  calculated,  an 
eclipse  three  months  before,  or  after,  when  Jupiter  is  in 
quadrature,  will  be  observed  to  happen  about  eight  mi- 
nutes later  than  the  calculated  time.  An  eclipse  happening 
about  six  weeks  before  or  after  opposition,  will  be  about 
four  minutes  later  than  the  calculation,  when  those  about 
the  time  of  Jupiter's  opposition  happen  at  the  exact  time. 
In  general,  this  retardation  of  the  eclipses  is  observed  to 
be  exactly  proportional  to  the  increase  of  Jupiter's  distance 
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from  the  Earth.  It  is  the  some  with  respect  to  all  the 
satellites.  This  error  greatly  perplexed  the  astronomers, 
till  the  connexion  of  ft  with  Jupiter's  change  of  distance 
was  remarked  by  Mr  Roemer,  a  Danish  astronomer,  in 
1671.  As  soon  as  this  gentleman  took  notice  of  this  con- 
nexion, he  concluded  that  the  retardation  of  the  eclipse 
was  owing  to  the  time  employed  by  the  light  in  coming  to 
us.  The  satellite,  now  eclipsed,  continued  to  be  seen,  till 
the  last  reflected  light  reached  us,  and,  when  the  stream  of 
light  ceased,  the  satellite  disappeared,  or  was  eclipsed. 
When  it  has  passed  through  the  shadow,  and  is  again  il- 
luminated, it  is  not  seen  at  that  instant  by  a  spectator  al- 
most four  hundred  millions  of  miles  off — it  does  not  reap- 
pear to  him  till  the  first  reflected  fight  reaches  him.  It  is 
not  till  about  forty  minutes  after  being  re-illuminated  by 
the- Sun,  that  the  first  reflected  light  from  the  satellite 
reaches  the  Earth  when  Jupiter  is  in  quadrature,  and  about 
thirty-two  minutes  when  he  is  in  opposition, 

This  ingenious  inference  of  Mr  Roemer  was  doubted  for 
some  time,  but  most  of  the  eminent  philosophers  agreed 
with  him.  It  became  more  probable,  as  the  motions  of 
the  satellites  were  more  accurately  denned ;  and  it  received 
complete  confirmation  by  Dr  Bradley  discovering  another, 
and  very  different  consequence  of  the  progressive  motion 
of  light  from  the  fixed  stars  and  planets.  This  will  be 
considered  afterwards ;  and,  in  the  mean  time,  it  is  evinced 
that  light,  or  the  cause  of  vision,  is  propagated  in  time, 
and  requires  about  16$  minutes  to  move  along  the  diame- 
ter of  the  Sun's  orbit,  or  about  8'  11"  to  come  from  the 
Sun  to  us,  moving  about  200,000  miles  in  a  second.  Some 
imagine  vision  to  be  produced  by  the  undulation  of  an 
elastic  medium,  as  sound  is  produced  by  the  undulation 
of  air.  Others  imagine  light  to  be.  emitted  from  the  lu- 
minous body,  as  a  stream  of  water  from  the  disperser  of  a 
watering-pan.  Whichever  of  these  be  the  case,  light  now 
becomes  a  proper  subject  of  mechanical  discussion ;  stnd  we 
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may  bow  speculate  about  its  motions,  and  tike  fore*  which 
produce  and  regulate  them. 

141.  Saturn  is  also  observed  to  be  accompanied  by  aeve* 
satellites,  which  circulate  round  him  in  ellipses,  having 
Saturn  in  the  focus.  They  describe  areas  proportional  to 
the  times,  and  the  squares  of  the  periodic  times  are  pro- 
portional to  the  cubes  of  their  mean  distances. 

142.  Besides  this  numerous  band  of  satellites,  Saturn  is 
also  accompanied  by  a  vast  arch  or  ring  of  coherent  inaU 
ter,  wbkh  surrounds  him,  at  a  great  distance.  Its  diame- 
ter is  about  808,000  mites,  and  its  breadth  about  40,01)0. 
It  is  flat,  and  extremely  thin ;  and  as  it  shines  only  by  re- 
flecting the  Sun's  light,  we  do  not  see  it  when  its  edge  is 
turned  towards  us.  Late  observation  has  shewn  it  to  be 
two  lings,  in  the  same  plane,  and  almost  united.  But  that 
they  are  separated,  is  demonstrated  by  a  star  being  seen 
through  the  interval  between  them.  Its  plane  makes  an 
angle  of  89°  or  30*  with  that  of  Saturn's  orbit ;  and  when 
Saturn  is  in  11'  80°,  or  5'  20°,  the  plane  of  the  ring  passes 
through  the  Sun,  and  reflects  no  light  to  us. 

148.  In  1787,  Dr  Herschel  discovered  two  satellites  at- 
tending the  Georgian  planet;  and  in  1798,  he  discovered 
four  more.  Their  distances  and  their  periodic  times  ob- 
serve the  laws  of  Kepler ;  but  the  position  of  their  orbits 
is  peculiarly  interesting.  Instead  of  revolving  in  the  order 
of  the  signs,  in  planes  not  deviating  far  from  the  ecliptic, 
their  orbits  are  almost,  if  not  precisely  perpendicular  to  it; 
so  that  it  cannot  be  said  that  they  move  either  in  the  order 
of  the  signs,  or  in  the  opposite. 

144.  Thus  do  they  present  a  new  problem  in  physical 
astronomy,  in  order  to  ascertain  the  Sun's  influence  on 
their  motions — the  intersection  of  their  nodes,  and  the  other 
disturbances  of  their  motions  round  the  planet. 

145.  They  also  shew  the  mistake  of  the  cosmogonists, 
who  would  willingly  ascribe  the  general  tendency  of  the 
planetary  motions  from  west  to  east  along  the  ecliptic  to 
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dK  antrimce  of  same  general  mechanical  impulsion,  in. 
etructing  us  how  the  world  may  be  made  m  we  Me  it 
These  perpendicular  orbits  an  mcotnpatiblo  with  the  sup- 


Of  the  Rotation  afiht  Heavmty  Bodia. 

140.  In  1611,  Scbeiner,  professor  at  Ingoletadt,  ob- 
served spots  on  the  disk  of  the  San,  which  come  into  view 
on  the  eastern  limb,  more  acnes  his  disk  in  parallel  circles, 
dsssppear  on  the  western  limb,  end,  after  some  time,  again 
appear  on  the  eastern  limb,  and  repeat  the  sane  motion*. 
Hence  it  is  inferred  that  the  Sun  revolt ea  from  wast  to  east 
in  the  apace  of  86*  1*"  18',  round  an  axis  inclined  to  the 
plana  of  the  echptic  7  J  degrees,  and  having  the  amending 
node  of  bis  equator  in  longitude  8"  10". 

Philosophers  have  formed  varieu*  opinions  concerning 
the  nature  of  these  spots.  The  most  probable  is,  that  the 
8am  consists  of  a  dark  nucleus,  surrounded  by  a  luminous 
covering,  and  that  the  nucleus  is  sometimes  laid  bare  in 
particular  places.  Far  the  general  appearance  of  a  spot 
during  its  revolution  is  like  Fig.  IS. 

147.  A  series  of  most  interesting  observations  has  been 
lately  made  by  Dr  Hembel,  by  the  help  of  his  great  tele- 
scopes. These  observation*  are  reoorded  in  the  Philoso- 
phical Transactions  for  the  years  1801  and  1802.  They 
<  lead  to  very  curious  concluMons  respecting  the  peculiar 
constitution  of  the  Sun.  It  would  seem  that  the  Sun  is 
immediately  surrounded  by  an  atmosphere,  heavy  and 
transparent,  like  our  air.  This  reaches  to  the  height  of 
several  thousand  miles.  On  this  atmosphere  seems  to  float 
a  stratum  of  shining  clouds,  also  some  thousands  of  miles 
It  is  not  clear,  however,  that  this  cloudy 
is  by  its  native  tight.  There  is  above  it,  at 
some  distance,  another  utratum  of  matter,  of  most  dazzling 
splendour.   It  would  teem  that  it  is  this  aloue  which  illuroi- 
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nates  the  whole  planetary  system,  and  also  the  clouds  be- 
low it.  This  resplendent  stratum  is  not  equally  so,  but 
most  luminous  in  irregular  lines  or  ridges,  which  cover  the 
whole  disk  like  a  very  close  brilliant  network.  Something 
of  this  appearance  was  noticed  by  Mr  James  Short,  in 
1748,  while  observing  a  total  eclipse  of  the  Sun,  and  is 
mentioned  in  the  Philosophical  Transactions.  Some  ope- 
ration of  nature  in  this  solar  atmosphere  seems  to  produce 
an  upward  motion  in  it,  like  a  blast,  which  causes  both  the 
clouds  and  the  dazzling  stratum  to  remove  from  the  spot, 
making  a  sort  of  hole  in  the  luminous  strata,  so  that  we 
can  see  through  them,  down  to  the  dark  nucleus  of  the  Sun. 
Dr  Herschel  has  observed,  that  this  change,  and  this  de- 
nudation of  the  nucleus,  is  much  more  frequent  in  some 
particular  places  of  the  Sun's  disk.  He  has  also  observed 
a  small  bit  of  shining  cloud  come  in  at  one  aide  of  an  open- 
ing, and,  in  a  short  time,  move  across  it,  and  disappear  on 
the  other  side  of  the  opening ;  and  he  thinks  that  these 
moving  clouds  are  considerably  below  the  great  cloudy 
stratum. 

148.  Dr  Herschel  is  disposed  to  think,  that  the  upper 
resplendent  stratum  never  shines  on  the  nucleus,  not  even 
when  an  opening  has  been  made  in  the  stratum  of  clouds. 
For  he  remarks,  that  the  upper  stratum  is  always  much 
more  driven  aside  by  what  produces  the  opening  than  the 
clouds  are ;  so  that  even  the  most  oblique  rays  from  the 
splendid  stratum  do  not  go  through,  being  intercepted  by 
the  border  of  clouds  which  immediately  surround  the  open- 
ing. 

■  149.  Prom  Dr  Her&chel's  description  of  this  wonderful 
object,  we  are  almost  led  to  believe  that  the  surface  of  the 
Sun  may  not  be  scorched  with  intolerable  and  destructive 
heat.  It  not  unfrequently  happens,  that  we  have  very 
cold  weather  in  summer,  when  the  sky  is  overcast  with 
thick  clouds,  impenetrable  by  the  direct  rays  of  the  Sun; 
The  curious  observations  of  Count  Rumford  of  the  man-  ' 
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ner  in  which  heat  is  most  copiously  communicated  through 
fluid  substances,  concur  with  what  we  knew  before,  to  shew  ,■ 
us,  that  even  an  intense  heat,  communicated  by  radiation 
to  the  upper  surface  of  the  shining  clouds  by  the  dazzling 
stratum  above  them,  may  never  reach  far  down  through 
their  thickness.  With  much  more  confidence  may  we  af- 
firm, that  it  would  never  warm  the  transparent  atmosphere 
below  those  clouds,  nor  scorch  the  firm  surface  of  the  Sun. 
It  is  far  from  heing  improbable,  therefore,  that  the  surface 
may  not  be  uninhabitable,  even  by  creatures  like  ourselves. 
If  so,  there  is  presented  to  our  view  a  scene  of  habitation 
13,000  times  bigger  than  the  surface  of  this  Earth,  and 
about  60  times  greater  than  those  of  all  the  planets  added 
together.  ■   ■  . 

150.  Similar  observations,  first  made  by  Dr  Hooke,  in. 
1664,  on  spots  in  the  disk  of  Jupiter,  show  that  he  re-- 
volves  from  west  to  east  in  9"  56',  round  an  axis  inclined; 
to  the  plane  of  his  orbit  °4°.  It  is  also  observed,  that  his  ■ 
equatoreal  diameter  is  to  his  axis  nearly  as  14  to  IS. 

1M.  There  are  some  remarkable  circumstances  in  the 
rotation  of  this  planet.  The  spots,  by  whose  change  of- 
place  on  the  disk  we  judge  of  the  rotation,  are  not  perma- 
nent, any  more  than  those  observed  on'  the  Sun's  disk., 
We  must  therefore  conclude,  that  either  the  surface  of  the 
planet  is  subject  to  very  considerable  variations  of  bright- 
ness, or  that  Jupiter  is  surrounded  by  a  cloudy  atmosphere.. 
The  last  is,  of  itself,  the  most  probable,  and  it  becomes  still 
more  so  from  another  circumstance.  There  is  a  certain 
part  of  the  planet  that  is  sensibly  brighter  than  the  rest,, 
and  sometimes  remarkably  so.  It  is  known  to  be  one  and 
the  same  part  by  its  situation.  This  spot  turns  round  in 
somewhat  leas  time  than  the  rest.  That  is,  if  a  dark  spot 
remains  during  several  .revolutions,  it  is  found  to  have  se- 
parated a  little  from  this  bright  spot,  to  the  left  hand,  that, 
is,  tor  the  westward.  There  is  a  minute  or  two  of  difference 
hetwben  the  rotation  of  J  inciter,  as  deduced  from  the. sue? 

Vol.  III.  E 
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t^v*  appearances  of  the  bright  spot,  and  that  deduced 
fims  obtarvMioDS  made  «n  th«  fltfant. 

!«.  These  circumstances  laad  in  to  hnagine,  that  Ju- 
piter is  reaUy  covered  with  a  cloudy  atmosphere,  and  that 
this  has  a  slow  motion  from  east  to  west  relative  to  the  «ur- 
faoe  at  the  planet  The  striped  appearances,  sailed  Brite 
or  Zones,  are  undoubtedly  the  eSfeet  of  a  duferenOe  of  &■ 
mate.  They  are  disposed  with  a  certain  regularity,  gen- 
erally occupying  a  complete  round  of  Us  surface.  Mr 
Sehroeter,  who  has  mkiutdy  studied  their  appearances  for 
a-  long  tract  of  tune,  and  with  excellent  glasses,  says,  that 
the  changes  in  the  atmosphere  are  very  anomalous,  and 
often  Very  sudden  and  extensive ;  hi  short,  there  seems  al- 
most the  same  unsettled  weather  as  on  this  globe.  He 
dees  not  imagine  that  we  ever  see  the  real  surface  of  Ju- 
prMr  i  and  even  the  bright  spot  which  so  firmly  maintains 
its  situation,  is  thought  by  Sehroeter  to  be  in  the  atmos- 
phere. The  general  current  of  the  clouds  is  from  east  to 
west,  like  our  trade-wisxls,  but  they  often  move  in  other 
directions.  The  motion  is  also  frequently  too  rapid  to  be 
thought  the  transference  of  an  individual  substance;  it 
more  resembles  the  rapid  propagation  of  some  short-lived 
change  in  the  state  of  die  atmosphere,  as  we  often  observe 
in  a  thunder  storm.  The  axis  of  rotation  is  almost  perpen- 
dieular  to  the  plane  of  the  orbit,  so  that  die  days  and 
nights  are  always  equal.  < 

158.  The  rotation  of  Mars,  first  observed  by  Hooke 
and  Cassfai  in  1666,  is  still  more  remarkable  than  that  of 
Jupiter.  The  surface  of  the  planet  is  generally  of  unequal 
brightness,  and  something  like  a  permanent  figure  may  be 
ebeerved  in  it,  by  which  we  guess  at  the  time  of  the  rota- 
tion. But  the  figure  is  so  ill  defined,  and  so  subject  to 
considerable  changes,  that  it  was  long  before  astronomer* 
could  he  certain  of  a  rotation,  so  as  to  ascertain  the  time. 
Dr  Herechel  has  been  at  much  pains  to  da  this  warn  accu- 
racy, and,  fey  mtopsring  many  suewssrre  apparitions  of 
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the  same  objects,  lie  has  found  Art  the  tine  of  a  nnh. 
faon  is  £4  hours  and  49  tnhmtos,  round  aa  ans  mooned  to 
the  plane  of  the  eehptic  in  an  angle  of  newly  60  degree*, 
but  making  aa  angle  of  91*  Iff"  wish-  kin  own  orbit 

154.  It  is  midsummer-day  in  Man  when  he  in  in  bug. 
11'  ly  from  our  vernal  equinox.  As  the  planet  is  of  a 
very  oblate  form,  add  prohabfy  hollow,  there  may  be  a 
considerable  precession  of  his  «tfu«oetial  points,  by  a 
change  in  the  direction  of  im  axis. 

lifi.  Being  so  much  inclined  to  the  ecliptic,  the  pales 
of  Mars  come  into  sight  in  the  course  of  a  revolution. 
When  either  pole  conies  tint  into  view,  it  is  observed  to 
be  remarkably  brighter  than  the  rest  of  the  disk.  This 
brightness  gradually  diminishes,  and  is  generally  altogether 
gone,  before  this  pole  goes  out  of  sight  by  the  change  af 
Hie  planet's  position.  The  ether  pole  now  comet  sate 
view,  and  exhibits  similar  appearances. 

156.  This  appearance  of  Mars  greatly  resembles  visit 
ohr  own  globe  will  exhibit  to  a  spectator  placed  an  Venus 
or  Mercury.  The  awn  in  the  colder  oBmates  dimhash 
daring  summer,  and  are  renewed  in  the  ensuing  winter. 
The  appearances  m  Mars  may  either  be  owing  to  snows,  m 
to  dense  clouds,  which  condense  on  his  oiroumpouu*  regions 
anting  ftht  winter,  and  are  dissipated  in  summer.  Dr  Her- 
seacl  remarks,  that  the  atmosphere  of  Man  extends  to  a 
very  sensible  distance  from  his  disk. 

1ST.  Observers  are  not  agreed  as  to  the  time  of  the  to- 
union  of  Venus.  Borne  think  that  she  turns  round  her 
axis  in  89*,  and  others  make  it  28  days  and  8  hours.  The 
uncertainty  is  owing  to  the  very  small  time  allowed  for  Ob- 
serration,  Venus  never  being  seen  for  more  than  throe 
hours  at  a  Dirae,  so  that  the  change  of  appearance  that  we 
observe,  day  after  day,  may  either  be  a  part  of  a  slow  ro- 
tation, or  mare  than  a  complete  rotation  made  in  a  shod 
owe.  Indeed  no  distinct  spots  have  been  observed  ta  ber 
disk  since  the  time  of  the  elder  Cassini,  about  the  saishhc 
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of  the  seventeenth  century.  Dr  Hefschel  has  always  ob- 
served her  covered  with  an  impenetrable  cloud,  u  white  as 
snow,  and.  without  any  variety  of  appearance. 

]  58.  The  Moon  turns  round  her  axis  in  the  coarse  of  a 
periodic  month,  so  that  one  face  is  always  presented  to  our 
view.  There  is  indeed  a  very  small  libkatiov,  as  it  is 
called,  by  which  we  occasionally  see  a  little  variation,  so 
that  the  spot  which  occupies  the  very  centre  of  the  disk, 
when  the  Moon  is  in  apogee  and  in  perigee,  shifts  a  little 
to  one  side,  and  a  little  up  or  down.  This  arises  from  the 
perfect  uniformity  of  her  rotation,  and  the  unequal  motion 
in  her  orbit  As  the  greatest  equation  of  her  orbital  mo- 
tion 'amounts  to  little  more  than  5°,  this  causes  the  central 
spot  to  shift  about  /4  of  her  diameter  to  one  side,  and,  re- 
turning again  to  the  centre,  to  shift  as  far  to  the  other  side. 
She  turns  always  the  same  face  to  the  other  focus  of  her 
elliptical  orbit  round  the  Earth,  because  her  angular  mo- 
tion round  that  point  is  almost  perfectly  equable. 

159.  It  has  been  discovered  by  Dr  Henchel,  that  Sa- 
turn' turns  round  his  axis  in  10h16',  and  that  his  ring 
turns  round  the  same'  axis  in  10b  S2{-'.  This  axis  is  in- 
clined to  the  ecliptic  in  an. angle  of  60°  nearly,  and  the  in- 
tersection of  the  ring  and  ecliptic  is  in  the  line  panning 
through  long.  6'  20°  and  11'  80°.  We  see  it  very  open 
when  Saturn  is  in  long.  S1  20° ,  or  8"  80c ;  and  its  length 
is  then  double  of  its  apparent  breadth.  It  is  then  mid- 
summer and  midwinter  on  Saturn.  When  Saturn  is  in 
the  line  of  its  nodes,  it  disappears,  because  its  plane  pa  in  re 
through  the  Sun,  and  its  edge  is  too  thin  to  be  visible.  It 
shtneS  only  by  reflecting  the  Sun's  light  For  we  some- 
times see  the  shadow  of  Saturn  on  it,  and  sometimes  its 
shadow  on  Saturn.  It  will  be  very  open  in  1811.  Just  ' 
now  (1803)  it  is  extremely  slender,  and  it  disappeared  for 
a  while  in  the  month  of  June.  Its  diameter  is  above 
800,000  miles,  almost  half  of  that  of  the  Moon's  orbit 
round  the  Earth. 


Kib/Google 


DICiilAL  WXTATKW  OW  THE  U1TH.  SB 

-  160.  No -rotation  can  be  observed  in  Mercury,  on  ac- 
count of  his  apparent  minuteness,"  nor  is  any  observed  in 
the  Georgian  planet  for  the  some  reason. 

161.  Many  philosophers  have  imagined,  that  the  Earth 
revolves  round  its  axis  in  2Sb  56'  4"  from  west  to  east ; 
and  that  this  is  the  cause  of  the  observed  diurnal  motion 
of  the  heavens,  which  is  therefore  only  an  appearance.  It 
nut  be  acknowledged,  that  the  appearances  will  be  the 
same,  and  that  we  must  be  insensible  of  the  motion.  There 
are  also  many  circumstances  which  render  this  rotation 
very  probable. 

162.  1.  All  the  celestial  motions  will  be  rendered  in- 
comparably more  moderate  and  simple.  If  the  heavens 
really  turn  round  the  Earth  in  3Sk  56'  4",  the  motion  of 
the  Sun,  or  of  any  of  the  planets,  is  swifter  than  any  mo- 
tion of  which  we  have  any  measure,  and  this  to  a  degeee 
almost  beyond  conception.  The  motion  of  the  Sun  would 
be  20,000  times  swifter  than  that  of  a  cannon  ball.  That 
ef  the  Georgian  planet  will  be  twenty  times  greater  than 
this.  If  the  Earth  turns  round  its  axis,  the  swiftest  mo- 
tion necessary  for  the  appearances  is  that  of  the  Earth's 
equator,  which  does  not  exceed  that  of  a  cannon  ball 

The  motions  also  become  incomparably  simpler.  For 
the  combination  of  diurnal  motion  with  the  proper  motion 
of  the  planets  makes  it  vastly  more  complex,  and  impossi- 
ble to  account  for  on  any  mechanical  principles.  This 
diurnal  motion  must  vary,  in  all  the  planets,  by  their 
change  of  declination,  being  about  J  slower  when  they  are 
near  the  tropics.  Yet  we  cannot  conceive  that  any  physi- 
cal relation  can  subsist  between  the  orbital  motion  of  a 
planet  and  the  position  of  the  Earth's  equator,  sufficient 
for  producing  such  a  change  in  the  planet's  motion.     Be- 


*  The  diurnal  rotation  of  Mercury  lias  been  found  to  be  performed 
in  S*"  (,'  2$".     Juno  is  conjectured  to  revolve  in  about  27  hours. 
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mbs,  the  srie  of  cfturnsi  revolution  it  far  from  being  the 
same  just  now  and  in  die  tint  of  Hiprjerebus.  Just  now, 
it  passes  near  the  star  m  the  extremity  of  the  tail  of  the 
Little  Bear.  When  Hippanhus  observed  the  heavens,  it 
passed  near  the  snout  of  the  Cainelapard.  It  in  to  the  kat 
degree  improbable,  that  every  object  in  the  universe  baa 
(hanged  its  notion  in  tins-  manner.  It  must  be  suppoeed 
that  all  have  changed  their  motions  in  different  dugrcis, 
yet  all  in  a  certain  precise  order,  without  any  connexion  or 
mutual  dependence  that  we  can  conceive, 

163.  8.  There  is  no  withholding  the  belief,  that  the 
Sun  was  intended  to  be  a  source  of  light  end  genial  warmth 
so  the  organiud  beings,  whkth  occupy  the  surface  of  our 
globe.  How  much  more  simply,  easily,  and  beautifully, 
this  ie  effected  by  the  Earth*  rotation,  and  how  much 
men  agreeably  to  the  known  economy  of  nature  I 

164.  3,  This  rotation  would  be  analogotaa  to  what  is 
observed  in  the  Son  and  most  of  the  planet*. 

166.  4  We  observe  phenomena  on  our  globe  that  are 
necessary  oon  sequenoee  of  rotation,  but  cannot  be  account* 
ed  for  without  it.  We  know  that  the  eauatoreal  regions 
are  about  twenty  rales  higher  than  the  arcumpol&r ;  yet 
die  waters  of  the  ocean  do  not  quit  this  elevation,  and  le- 
an) and  inundate  the  poles.  This  may  be  prevented  by  ft 
proper  degree  of  rotation.  It  may  be  so  swift,  that  the 
waters  would  all  flow  toward  the  equator,  and  inundate 
the  torrid  none;  nay,  bo  swift,  that  every  thing  loose 
Would  be  thrown  off,  as  we  see  the  water  dispersed  from  a, 
twirled  mop.  Mow,  a  very  simple  calculation  will  shew  us, 
that  a  rotation  in  26*  fro?  is  precisely  whet  wilt  balance  the 
tendency  of  the  waters  to  flew  from  die  elevated  cquator 
towerde  the  poles,  and  will  keep  it  uniformly  spread  over 
the  whole  spheroid.  We  also  observe,  that  a  lump  of 
matter  of  sny  kind  weighs  more  (by  a  spring  steelyard)  at 
Spitsbergen  than  at  Quito,  and  that  the  diminution  of 
gravity  is  precisely  what  would  arise  from  the  suppoeed 
rotation,  via.  BJ.(. 
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There  are  arguments  *hicb  gin  tbe  most  cOoviDauj 
demonstration  of  tbe  Earth's  rotation.    . 

166.  1.  Did  tbe  heaven*  tun  Bound  tbe  Earth,  ub 
long  been  believed,  it  is  almost  certain  that  no  nxBaosl 
JUed  star  could  fas  seen  by  us.  For  it  is  highly  probable, 
(bat  fight  ia  an  «hmm  of  matter  fim  the  Ihoumu*  bo- 
dy. If  this  be  the  case,  such  is  the  distance  <£  any  find 
star  A,  (fbj.  16.)  that,  when  its  velocity  AC  ia  oosft- 
pounded  with  tbe  velocity  of  light  endued  m  any  direction 
AB,  or  A  b,  it  would  produce  a  motion  in'  a  direction 
AD,  or  Ad,  which  would  never  reach  tbe  Earth,  or 
which  might  chance  to  reach  it,  but  with  a  velocity  infi- 
nitely below  tbe  known  velocity  of  light ;  and,  hj  aag  hy- 
pothesis concerning  the  natuve  of  light,  tha  velocity  of  the 
light  by  which  we  see  the  ciroumpolw  store,  must  greatly 
exceed  that  by  which  w*  see  tbe  eqaatoraal  stars.  .All 
this  is  contrary  to  observation.  * 

2.  The  shadow  of  Jupiter,  also,  should  deviate  greatly 
from  the  line  drawn  from  the  Sun  to  Jupiter,  just  as  we 
see  a  ship's  vane  deviate  isom  the  direction  of  tbe  wind* 
when  she  is  sailing  briskly  across  that  direction,  If  the 
diurnal  revotutio*  is  a  real  notion,  when  Jupiter  is  in  oav 
position,  his  first  satellite  must  be  seen  to  eottte  from  be* 
bind  bis  disk,  and,  after  appearing  for  about  1"  10%  must 
be  eclipsed.  -  This  is  also  contrary  to  observation;  for  the 
satellites  are  eclipsed  precisely  when  .they  come  into  that 
line,  whereas  it  should  happen  mere  than  an  hour  after. 

167-  We  must  therefore  conclude,  that  the  Earth  re, 
volvos  round  it*  axis  from  west  to  east  in  23h  58>  V. 
We  must  further  conclude,  from  the  agreement  of  tbe  an- 
cient and  modern  latitudes  of  places,  that  the  axis  of  tb* 
£erth  is  the  same  as  formerly ;  but  that  it  changes  its  so* 
■nan,  as  we  observe  in -a  top  whose  motion  is  nearly  spent. 
Tins  change  of  position  u  seen  by  the  shifting  of  tbe  equi- 
noctial points.  As  these  nuke  a  tour  of  the  ecliptic  in 
3607*.  yean,  the  pole  of  the  equator,  keeping  always  per- 
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pendicular  to  its  plane,  must  describe  a  circle  round  the 
pole  of  the  ecliptic,  distant  from  it  23d  28',  the  inclina- 
tion of  the  equator  to  the  ecliptic.  It  will  be  seen,  in  due 
time,  that  this  motion  of  the  Earth's  axis,  which  appeared 
a  mystery  even  to  Copernicus,  Tycho  Brahe  and  Kepler, 
in  a  necessary  consequence  of  the  general  power  of  nature 
'by  which  the  whole  assemblage  is  held  together ;  and  the 
■detection  of  this  consequence  is  the  most  illustrious  speci- 
■men  of  the  sagacity  of  the  discoverer,  Sir  Isaac  Newton. 

Of  the  Solar  System. 

■  168.  We  have  seen  (134.)  that  the  planets  are  always 
found  in  die  circumferences  of  ellipses,  which  have  the  Sun 
in  their  common  focus,  while  the  Sun  moves  in  an  ellipse 
round  the  Earth.  The  motion  of  any  planet  is  compound- 
ed of  any  motion  which  it  has  in  respect  of  the  Sun,  and 
any  motion  which  the  Sun  has  in  respect  of  the  Earth. 
Therefore  (92  93-)  the  appearances  of  the  planetary  mo- 
tions will  be  the  same  as  we  have  described,  if  we  suppose 
the  Sun  to  be  at  rest,  and  give  the  Earth  a  motion  round 
the  Sun,  equal  and  opposite  to  what  the  Sun  has  been 
thought  to  have  round  the  Earth. 

-  In  the  second  part  of  that  article  concerning  relative 
motion,  it  was  shewn  that  the  relative  motion,  or  change  of 
motion,  of  the  body  B,  as  seen  from  A,  is  equal  and  oppo- 
site to  that  of  A  seen  from  B.  In  the  present  case,  the  dis- 
tance of  the  Sun  from  the  Earth  is  equal  to  that  of  the 
Earth  from  the  Sun.  The  position  or  bearing  is  the  oppo- 
site.  When  the  Earth  is  in  Aries  or  Taurus,  the  Sun  will 
he  seen  in  Libra  or  Scorpio.  When  the  Earth  is  in  the 
tropic  of  Capricorn,  the  Sun  will  appear  in  that  of  Cancer, 
and  her  north  pole  will  be  turned  towards  the  Sun  ;  so  that 
the  northern  hemisphere  will  have  longer  days  than  nights. 
In  short,  the  gradual  variation  of  the  seasons  will  be  the 
same  in  both  cases,  if  the  Earth's  axis  keeps  the  same  posi- 
5 
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tioo  during,  its  revolution  round  the  Sun.  It  must  do  m, 
if  there  be  no  force  to  change  its  position ;  and  we  see  that 
the  axis  of  the  other  planets  retain  their  position. 

169*  Then,  with  respect  to  the  planets,  the  appearances 
of  direct  and  retrograde  motion,  with  points  of  station,  will 
also  be  the  same  as  if  the  Sun  revolved  round  die  Earth. 
That  this  may  be  more  evident,  it  must  be  observed,  that 
our  judgment  of  a  planet's  situation  is  precisely  similar  to 
that  of  a  mariner  who  sees  a  ship's  light  in  a  dark  night' 
He  sets  it  by  the  compass.  If  he  sees  it  due  north,  and  a 
few  minutes  after,  sees  it  a  little  to  the  westward  of  north, 
he  imagines  that  the  ship  has  really  gone  a  little  westward. 
Yet  this  might  have  happened,  had  both  been  sailing  due 
east,  provided  that  the  ship  of  the  spectator  had  been  sail- 
ing- faster.  It  is  just  the  same  in  the  planetary  motions. 
If  we  give  the  Earth  the  motion  that  was  ascribed  to  the 
Sun,  the  real  velocity  of  the  Earth  will  be  more  than  double 
of  the  velocity  of  Jupiter  Now  suppose,  according  to  the 
old  hypothesis,  the  Earth  at  T  (Fig.  18  )  and  the  Sun  at  .. 
Suppose  Jupiter  in  opposition,  Then  we  must  place  the 
centre  of  his  epicycle  in  A,  and  make  As  equal  to  T«. 
Jupiter  is  in  a,  and  his  bearing  and  distance  from  the 
Earth  is  T  a,  nearly  -t-flths  of  T  A.  Six  weeks  after,  the 
Sun  is  in  sj  the  centre  of  Jupiter's  epicycle  is  in  B.  Draw 
B  b  equal  and  parallel  to  T  a,  and  b  is  now  the  place  of  Ju- 
piter, and  T  4  is  now  his  bearing  and  distance.  He  has 
changed  his  bearing  to  the  right  hand,  or  westward  on  the 
ecliptic ;  and  his  change  of  position  is  had  by  measuring 
the  angle  a'T  b.  His  longitude  on  the  ecliptic  is  diminished 
by  this  number  of  degrees. 

170.  Now  let  the  Sun  be  at  T,  according  to  the  new 
hypothesis,  and  let  A  B  E  L  be  Jupiter's  orbit  round  the 
Sun.  Let  Jupiter  be  in  opposition  to  die  Sun.  We  must 
place,  Jupiter  in  A,  and  the  Earth  in  ■.  so  as  to  have  the 
Sun  and  Jupiter  in  opposition.  It  is  evident  that  Jupiter's 
bearing  and  distance  from  the  Earth  are  the  same  as  in  the 
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fonser  hypothesis.  For  Aa  being  equal  to  ,  T  we  bare 
•  A,  the  distance  of  Jupiter  from  the  Earth,  equal  to  T  a 
of  the  former  hypothesis  Six  weeks  after,  the  Earth  is  «t 
f ,  and  Jupiter  at  B.  Join  f  B,  and  draw  »  N  parallel  to 
TA.  It  is  evident  that  the  distance  «  B  of  Jupiter  front 
the  Earth,  n  equal  to  the  distance  T  ft  of  the  tanner  con- 
struction. Also  the  angle  N  •  B,  which  is  Jupiter's  change 
of  bearing,  (by  the  astronomer's  compass,  the  ecbptic),  is 
equal  to  the  angle  a  T  ft  of  the  former  construction.  Jupi- 
ter therefore,  instead  of  moving  to  the  left  hand,  has 
moved  to  the  right,  or  westward,  and  has  diminished  his 
edrptieal  bearing  or  longitude  by  the  degrees  is  the  angle 
N'sB. 

171.  In  the  same  manner  may  the  apparent  motion  of 
Jupiter  be'  ascertained  far  every  situation  of  the  Earth  and 
Jupiter ;  and  it  will  he  found  that,  in  every  case,  the  line 
corresponding  to  f  B  is  equal  and  parallel  to  the  line  corns- 
ponding  to  To;  thusrC  is  equal  and  parallel  to  Te; 
x  D  is  equal  and  parallel  to  T  d,  fcc 

The  apparent  motions  of  the  planets  aw  therefore  pre. 
eisely  the  same  in  either  hypothesis,  so  that  we  ase  left  to 
follow  either  opinion,  as  it  appears  best  supported  by  other 
arguments. 

179.  Accordingly,  it  bas  been  the  opinion  of  some  philo- 
sophers} both  in  ancient  and  modem  times,  that  the  Earth 
is  a  planet,  revolving  round  the  Sun  placed  in  the  locus  of 
its  elliptical  orbit,  and  that  it  is  accompanied  by  the 
Moon,  in  the  same  manner  as  Jupiter  and  Saturn  are  by 
their  satellites. 

The  following  are  the  reasons  for  preferring  this  opinio* 
to  that  contained  in  the  133d  and  185th  articles,  which 
equally  explains  all  the  phenomena  hitherto  mentioned, 
and  is  more  consistent  with  our  first  judgments. 

ITS.  1.  The  celestial  motions  become  incomparably  more 
simple,  and  free  of  those  looped  contortions  which  must 
be  supposed  in  the  other  case,  and  which-  are  extremely 
7 
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banrobable,  and  inoompttible  with  -what  we  know  tf  the 


174.  3.  This  opinion  i»  also  more  reasonable,  on  account 
of  the  extreme  minuteness  of  the  Earth,  when  compared 
with  tbe  immwiw  butt:  of  die  Sun,  Jupiter,  and  Saturn; 
and  because  the  Sun  is  the  source  of  light  and  beat  to  «B 


The  reasons  adduced  in  this  and  the  preceding  article 
were  all  that  could  offer  themselves  to  the  philosophers  of 
antiquity.  They  had  not  the  telescope,  and  tbe  satellites 
were  therefore  unknown.  They  bad  no  knowledge  of  the 
powers  of  nature  by  which  the  planetary  motions  an  pro- 
duced and  regulated ;  their  knowledge  of  dynamical  science 
was  extremely  scanty.  Yet  Pythagoras,  Philolaus,  ApoU 
tonus,  Anaxagoras,  and  others,  maintained  that  opinion. 
But  they  had  few  followers  in  an  opinion  so  different  from 
ear  habitual  thoughts,  and  for  which  they  could  only  after 
some  reasons  founded  on  certain  notions  of  propriety  or 
suitableness.  But,  as  men  became  more  conversant,  in 
modern  times,  with  the  mechanical  arts,  every  thing  con- 
nected with  the  motion  of  bodies  became  more  familiar, 
and  was  better  .understood,  and  we  had  less  hesitation  in 
adopting  sentiments  unlike  tbe  first  and  most  nasriuar 
suggestions  of  sense.  Other  argumec**  now  offered  them- 
selves. 

176.  3.  If  the  Earth  turns  round  the  Sun,  then  the  ana. 
logy  between  the  squares  of  tbe  periodic  times  and  thf 
cube*  of  tbe  distances,  will  obtain  in  all  the  bodies  which 
circulate  round  a  common  centre ;  whereas  tins  will  net 
be  tbe  case  with  respect  to  the  Sun  and  Moon,  if  both  turn 
round  tbe  Earth. 

176.  4.  It  is  thought  that  the  motion  of  the  Sun  round 
the  Earth  is  inconsistent  with  the  discoveries  which  have 
bass  made  concerning  the  forces  which  operate  in  tbe  plane- 

We  hare  seen,  by  an  article  in  dynamics,  combing  with 
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the  third  law  of  motion,  that  neither  can  the  Sun  revolve 
round  the  Earth  at  rest,  nor  the  Earth  round  the  Sun  at  rest, 
but  that  both  must  revolve  round  their  common  centre  of  po- 
sition. It  is  discovered  that  the  quantity  of  matter  in  the 
Sun  is  more  than  300,000  times  that  of  the  matter  in  the' 
Earth.  Therefore  the  centre  of  position  of  these  two 
bodies  must  be  almost  in  the  centre  of  the  Sun.  .  Nay,  if  all 
the  planets  were  on  one  side  of  the  Sun,  the  common  centre 
would  be  very  near  his  centre. 

177.  But,  perhaps,  this  argument  is  not  of  the  great 
weight  that  is  supposed.  The  discovery  of  the  proportion 
of  these  quantities  of  matter  seems  to  depend  on  its  being 
previously'  established  that  the  Sun  is  in,  or  near,  the 
centre  of  position  of  the  whole  assemblage.  It  must  be 
owned,  however,  that  the  perfect  harmony  of  all  the  com- 
parative measures  of  the  quantities  of  matter  of  the  Sun 
and  planets,  deduced  from  sources  independent  of  each 
other,  renders  their  accuracy  almost  unquestionable. 

178.  S.  It  is  incontestably  proved. by  observation.  A 
motion  has  been  discovered  in  all  the  fixed  stars,  which 
arises  from  a  combination  of  the  motion  of  light  with  the 
motion  of  the  Earth  in  its  orbit. 

Suppose  a  shower  of  hail  falling  during  a  perfect  calm, 
and  therefore  falling  perpendicularly.  Were  it  required  to 
hold  a  long  tube  in  such  a  position  that  a  hailstone  shall  fall 
through  it  without  touching  either  aide,  it  is  plain  that  the 
tube  must  be  held  perpendicular.  Suppose  now  that  the 
tube  is  fastened  to  the  arm  of  a  gin,  such  as  those  employ- 
ed in  raising  coals  from  the  pit,  and  that  it  is  carried  round, 
with  a  velocity  that  is  equal  to  that  of  the  falling  hail.  It 
is  now  evident  that  a  perpendicular  tube  will  not  do.  The 
hailstones  will  all  strike  on  the  hindmost  side  of  the  tube. 
The  tube  must  be  put  into  the  direction  of  the  relatixx: 
motion  of  the  hailstones.  Now,  it  was  demonstrated 
that  this  is  the  diagonal  of  a  parallelogram,  one.  side 
of  which  is  the  real  motion  of  the  bail,  and  the  other  is 
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equal,  but  opposite,  to  the  motion  of  the  tube.  Therefore, 
if  the  tube  be  iudmeAJbraard,  at  an  angle  of  45°,  the  ex- 
periment will  succeed,  because  the  tangent  of  this  angle  is 
equal  to  the  radius ;  and,  while  the  hailstone  falls  two  feet, 
the  tube  advances  two,  and  the  hailstone  will  pass  along  the 
tube  without  touching  it 

In  the  very  same  manner,  if  the  Earth  be  at  rest,  and 
we  would  view  a  star  near  the  pole  of  the  ecliptic,  the  tele- 
scope must  be  pointed  directly  at  the  star.  But  if  the  Earth 
be  in  motion  round  the  Sun,  the  telescope  must  be  pointed 
a  little  forward,  that  the  light  may  come  along  the  axis  of 
the  tube.  The  proportion  of  the  velocity  of  light  to  the 
supposed  velocity  of  the  Earth  in  its  orbit  is  nearly  that  of 
10,000  to  1.  Therefore  the  telescope  must  lean  about  20' 
forward. 

Half  a  year  after  this,  let  the  same  star  be  viewed  again. 
The  telescope  must  again  be  pointed  30*  a-head  of  the  true 
position  of  the  star :  but  this  is  in  the  opposite  direction  to 
the  former  deviation  of  the  telescope,  because  the  Earth, 
being  now  in  the  opposite  part  of  its  orbit,  is  moving  the 
other  way.  Therefore  the  position  of  the  star  must  appear 
to  have  changed  40*  in  the  six  months. 

It  is  easy  to  shew  that  the  consequence  of  this  is,  that 
every  star  must  appear  to  have  40*  more  longitude  when  it 
is  on  our  meridian  at  night,  than  when  it  is  on  the  meridian 
at  mid-day.  The  effect  of  this  composition  of  motions, 
which  is  most  susceptible  of  accurate  examination,  is  the 
following.  Let  the  declination  of  some  star  near  the  pole 
of  the  ecliptic  be  observed  at  the  time  of  the  equinoxes.  It 
will  be  found  to  have  40*  more  declination  in  the  autumnal 
than  in  the  vernal  equinox,  if  the  observer  be  in  latitude 
60°  90' ;  and  not  much  less  if  he  be  in  the  latitude  of 
London.  Also  every  star  in  the  heavens  should  appear  to 
describe  a  little  ellipse,  whose  longer  axis  is  40". 

179.  Now  this  is  actually  observed,  and  was  discovered 
by  Dr  Bradley  about  the  year  1736-  It  is  called  the  abkx- 
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xxtbov  or  thx  fimd  st**b,  and  is  one  of  tbe  most  curi- 
ous and  most  important  discoveries  of  the  eighteenth  eeo- 
tury.  It  is  important,  by  furnishing  an  meontrovertible 
proof  that  the  Earth  is  a  planet,  revolving,  like  the  others, 
annul  tbe  Sun.  It  is  also  important,  by  shewing  that  the 
light  of  the  fixed  stars  moves  with  the  same  velocity  with 
the  fight  of  the  Sun,  which  illuminates  our  system. 

180.  This  arrangement  of  the  planets  is  called  the  Co- 
•khhicah  system,  having  been  revived  and  established 
by  Copernicus,  represented  in  Fig.  A.  The  other  opinion, 
mentioned  (133),  which  equally  explains  tbe  general  phe- 
nomena, whs  maintained  by  Longomontanus. 

181.  Account  of  the  Pvolbicaic,  Eoyptuk,  and  TtcH- 
omc  systems  (Fig.  B,  C,  D.) 

182.  The  Copemican  system  is  now  universally  admit- 
ted;  and  it  is  fully  established,  1.  That  the  planets  and 
the  comets  describe  round  the  Sun  areas  proportional  to  the 
tunes ;  and  that  the  Moon,  and  the  satellites  of  Jupiter  and 
Saturn,  describe  round  the  Earth,  Jupiter,  and  Saturn, 
areas  proportional  to  (he  times.  2.  That  the  orbits  decrib- 
ed  by  those  bodies  are  ellipses,  having  the  Sun,  or  the 
primary  planet,  in  one  focus.  3.  That  the  squares  of  the 
periodic  times  of  these  bodies  which  revolve  round  a  com- 
mon centre  are  proportional  to  the  cubes  of  their  mean  dis- 
tances from  that  centre.  These  three  propositions  are  call- 
ed the  laws  of  Kepleb. 

188.  There  is  however  an  objection  to  this  account  of 
the  planetary  morions,  which  has  been  thought  formidable. 
Suppose  a  telescope  pointed  in  a  direction  perpendicular  to 
the  plane  of  the  Earth's  orbit,  and  carried  round  the  Sua 
in  this  position.  Its  axis,  produced  to  the  starry  armament, 
should  trace  out  a  figure  precisely  equal  and  similar  to  tbe 
orbit,  and  we  should  be  abb  to  mark  it  among  the  stars 
round  the  pole  of  the  ecliptic  But,  if  this  be  tried,  we 
find  that  we  arc  always  looking  at  the  same  point,  which 
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always  remains  the  centre  of  the  little  ellipse  which  is  the 
effect  of  the  aberration  of  light. 

This  objection  was  made,  even  in  the  schools  of  Greece, 
to  Arutarchus  of  Samoa,  when  he  used  bis  utmost  endea- 
vours to  bring  into  credit  the  later  opinion  of  Pythagoras, 
placing  the  Sun  in  the  centre  of  the  system,  And  the 
answer  given  by  Aristarchus  is  the  only  one  that  we  can 
give  at  the  present  day. 

l&i.  The  only  answer  that  can  be  given  to  this  is,  that 
the  distance  of  the  fixed  stars  is  so  great,  that  a  figure  of 
near  900  millions  of  miles  diameter  is  not  a  sensible  object. 
This,  incredible  as  it  may  seem,  has  nothing  in  it  of  absur- 
dity. We  know  that  their  distance  1b  immense.  The 
comet  of  1680  goes  150  times  farther  from  the  Sun  than 
we  are,  and  we  must  suppose  it  much  farther  from  the 
nearest  star,  that  it  may  sot  be  affected  by  it  in  its  motion 
round  our  Sua.  Suppose  it  only  twice  as  far,  the  Earth's 
orbit  traced:  among  the  stars  would  appear  only  half  the 
diameter  of  the  Sun.  We  have  telescopes  which  magnify 
the  diameter  of  objects  1200  times.  Yet  a  fixed  star  is  not 
magnified  by  them  in  the  smallest  degree.  That  is,  though 
we  were  only  at  the  ISOOdth  part  of  our  present  distance 
from  it,  it  would  appear  no  bigger.  The  more  perfect  the 
telescope  is,  the  stars  appear  the  smaller.  We  need  not  be 
surprised,  therefore,  that  observation  shews  no  parallax  of 
the  fixed  stars,  not  even  1".  Yet  a  parallax  of  1"  put* 
the  object  806,000  times  farther  off  than  the  Sun.  But 
•pace  is  without  bounds,  and  we  have  no  reason  to  think 
that  our  view  comprehends  the  whole  creation.  On  the 
contrary,  it  is  more  probable  that  we  see  but  an  inconsider- 
able part  of  the  scene  on  which  the  perfections  of  the  Crea- 
tor and  Governor  of  the  universe  are  displayed. 
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185.  There  are  sometimes  seen  in  the  heavens  certain 
bodies,  accompanied  by  a  train  of  faint  light,  which  has  oc- 
casioned them  to  be  called  comets.  Their  appearance  and 
motions  are  extremely  various ;  and  the  only  general  re- 
marks that  can  be  made  on  them  are,  that  the  train,  or  tail, 
is  generally  small  on  the  first  appearance  of  a  comet,  gra- 
dually lengthens  as  the  comet  comes  into  the  neighbour- 
hood of  the  Sun,  and  again  diminishes  as  it  retires  to  a 
distance.  Also  the  tail  is  always  extended  in  a  direction 
nearly  opposite  to  the  Sun. 

186.  The  opinions  of  philosophers  concerning  comets 
have  been  very  different  Sir  Isaac  Newton  first  showed 
that  they  are  a  part  of  the  solar  system,  revolving  round 
the  Sun  in  trajectories,  nearly  parabolical,  having  the  Sun 
in  the  focus.  Dr  Halley  computed  the  motions  of  several 
comets,  and,  among  them,  found  some  which  had  precisely 
the  same  trajectory.  He  therefore  concluded,  that  these 
were  different  appearances  of  one  comet,  and  that  the  path 
of  a  comet  is  a  very  eccentric  ellipse,  having  the  Sun  in  one 
focus.  The  apparition  of  the  comet  of  1682  in  1759,  which 
was  predicted  by  Halley,  has  given  his  opinion  the  most 
complete  confirmation. 

187.  Comets  are  therefore  planets,  resembling  the  others 
in  the  laws  of  their  motion,  revolving  round  the  Sun  in 
ellipses,  describing  areas  proportional  to  the  times,  and  hav- 
ing the  squares  of  their  periodic  times  proportional  to  the 
cubes  of  their  mean  distances  from  the  Sun.  They  differ 
from  the  planets  in  the  great  variety  in  the  position  of  their 
orbits,  and  in  this,  that  many  of  them  have  their  course  in 
antccedentia  signorvm. 

188.  Their  number  is  very  great ;  but  there  are  but 
few  with  the  elements  of  whose  motions  we  are  well  ac- 
quainted. The  comet  of  1680  came  very  near  to  the  Sun 
on  the  11th  of  December,  its  distance  not  exceeding  his 
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semfcUsmeter.  When  in  its  aphelion,  it  will  be  almost  160 
times  farther  from  the  Sun  than  the  Earth  is.  Our  ideas 
of  the  extent  of  the  solar  system  are  thus  greatly  enlarged. 
189:  No  satisfactory  knowledge  has  been  acquired  con- 
cerning the  cause  of  that  train  of  light  which  accompanies 
the  comets.  Some  philosophers  imagine  that  it  is  the  rarer 
atmosphere  of  the  comet,  impelled  by  the  Sun's  rays. 
Others  imagine,  that  it  is  the  atmosphere  of  the  comet, 
rising  in  the  solar  atmosphere  by  its  specific  levity.  Others 
imagine,  that  it  is  a  phenomenon  of  the  same  kind  with  the 
aurora  borealis,  and  that  this  Earth  would  appear  like* 
comet  to  a  spectator  placed  oi  another  planet.  Consult 
Newton's  Prmcipia ,- — a  Dissertation,  by  Professor  Hamil- 
ton of  Trinity  College,  Dublin ; — a  Dissertation  by  Mr 
Winthorpe  of  New  Jersey,  &c ;  both  in  the  Philosophical 
Tramoctiona. 
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PHYSICAL  ASTRONOMY 

190.  It  is  hoped,  that  the  preceding  account  of  the  ce- 
lestial phenomena  has  given  the  attentive  student  a  distinct 
conception  of  the  nature  of  that  evidence  which  Kepler 
had  for  the  truth  of  the  three  general  facts  discovered  by 
him  in  all  toe  motions,  and  for  the  truth  of  those  seeming 
deviations  from  Kepler's  laws,  which  were  bo  happily  re- 
conciled with  them  by  Sir  Isaac  Newton,  by  shewing,  that 
these  deviations  are  examples  of  mutual  deflections  of  the 
celestial  bodies  towards  one  another.  Several  phenomena 
were  occasionally  noticed,  although  not  immediately  sub- 
servient to  this  purpose.  These  are  the  chief  objects  of 
our  subsequent  attempts  to  explain.  The  account  given 
of  the  kind  of  observation,  by  which  the  different  motions 
were  proved  to  be  what  has  been  affirmed  of  them,  has  been 
exceedingly  short  and  slight,  on  the  presumption  that  the 
young  astronomer  will  study  the  celestial  phenomenology 
in  the  detail,  as  delivered  by  Gregory,  KeiU,  and  other 
authors  of  reputation.  This  study  will  terminate  in  the 
fullest  conviction  of  the  validity  of  the  evidence  for  the 
truth  of  the  Copernican  system  of  the  Sun  and  planets ; 
and  in  a  minute  acquaintance  with  all  those  peculiarities 
of  motion  that  distinguish  the  individuals  of  the  magnifi- 
cent assemblage. 

We  are  now  in  a  condition  to  investigate  the  particular 
characters  of  those  extensive  powers  of  nature,  those  me- 
chanical affections  of  matter,  which  cauBe  the  observed  de- 
viations from  that  uniform  rectilineal  motion  which  would 
have  been  observed  in  every  body,  had  it  been  under  no 
mechanical  influence.  And  we  shall  also  be  able  to  ex-  . 
plain  or  account  for  the  distinguishing  peculiarities  of  mo- 
tion which  characterize  the  individuals  of  the  system,  if  we 
shall  so  far  succeed  in  our  first  investigation,  as  to  shew  that 
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»  c*her  force  operates  in.  the  system,  and  [hat  these  pecu- 
liarities «re  only  particular  and  accurately  narrated  casea 
of  the  three  general  laws,  precisely  conformable  to  their 
legitimate  consequences. 

In  our  first  investigation,  we  must  affirm  the  forces  to 
be  such  as  are  indicated  by  the  motions,  in  the  manner 
agreed  on  in  the  general  doctrines  of  Dynamics.  That  is, 
the  kind  and  the  intensity  of  the  force  must  be  inferred 
from  the  direction  and  the  magnitude  of  the  change  which 
we  consider  as  its  effect 

In  all  this  process,  it  is  plain,  that  we  consider  the  hea- 
venly bodies  as  consisting  of  matter  that  has  the  same  me- 
chanical properties  with  the  bodies  which  are  daily  in  our 
hands.  We  are  not  at  liberty  to  imagine,  that  the  celestial 
matter  has  any  other  properties  than  what  is  indicated  by 
the  motions,  otherwise  we  have  no  explanation,  and  may 
aa  well  rest  contented  with  the  simple  narration  of  the 
facta.  The  constant  practice,  in  all  attempts  to  explain  a  . 
natural  appearance,  is  to  try  to  find  a  class  of  familiar  phe- 
nomena which  resemble  it ;  and  if  we  succeed,  we  account 
it  to  be  one  of  the  number,  and  we  rest  satisfied  with  this 
as  a  sufficient  explanation.  Accordingly,  this  is  the  way 
that  philosophers,  both  in  ancient  and  modern  times,  have 
proceeded  in  their  attempt  to  discover  the  causes  of  the 
planetary  motions. 

191.  1.  Nothing  is  more  familiar  to  our  experience 
than  bodies  carried  round  fixed  centres  by  means  of  solid 
matter  connecting  the  bodies  with  the  centre,  in  one  way 
or  another.  This  was  the  first  attempt  to  explain  the 
planetary  morions  of  which  we  have  any  account.  Eu- 
doxus  and  Callippus,  many  ages  before  our  era,  taught, 
that  all  the  stars  in  the  firmament  are  so  many  lucid  points 
or  bodies,  adhering  to  the  inside  of  a  vast  material  concave 
sphere,  which  turned  round  the  Earth  placed  in  the  centre 
in  twenty-four  hours.  It  was  called  the  cbystallink 
oss  or  Sphere. 
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But  this  will  not  explain  die  easterly  motion  of  the  Sua 
and  Moon,  unless  we  suppose  them  endowed  with  some 
self-moving  power,  by  which  they  can  creep  slowly  east- 
ward along  the  surface  of  the  crystalline  orb ;  far  leas  will 
it  account  for  the  Moon  sometimes  hiding  the  Sun  from 
us..  These  philosophers  were  therefore  obliged  to  say, 
that  there  were  other  spheres,  or  rather  spherical  shells, 
transparent,  like  vast  glass  globes,  one  within  another,  and 
all  having  a  common  centre.  The  Sun  and  the  Moon 
were  supposed  to  be  attached  to  the  surface  of  those  globes. 
The  sphere  which  carried  the  Moon  was  the  smallest,  im- 
mediately surrounding  the  Earth.  The  sphere  of  the  Sun 
was  much  larger,  but  still  left  a  vast  space  between  it  and 
the  sphere  of  the  fixed  stars,  which  contained  all. 

Tins  machinery  may  make  a  shift  to  carry  round  the 
Moon,  the  Sun,  and  the  stars,  in  a  way  somewhat  like  what 
we  behold.     But  the  planets  gave  the  philosophers  much 

'  trouble,  in  order  to  explain  their  retrograde  and  direct 
motions,  and  stationary  points,  he.  To  move  Jupiter  in 
a  way  resembling  what  we  behold,  they  supposed  the  shell 
of  his  sphere  to  be  of  vast  thickness,  and  in  its  solid  mat- 
ter  they  lodged  a  small  transparent  sphere,  in  the  surface 
of  which  Jupiter  was  fixed.  This  sphere  turned  round  in 
the  hollow  made  for  it  in  the  thick  shell  of  the  deferent 
sphere,  and,  as  all  was  transparent,  exhibited  Jupiter  mov- 
ing to  the  westward,  when  his  episphere'  brought  him  to- 
ward us,  and  to  the  east,  when  it  carried  him  round  toward 
the  outer  surface  of  the  deferent  shell.  Meanwhile,  the 
great  deferent  globe  was  moving  slowly  eastward,  or  ra- 
ther was  turning  more  slowly  westward,  than  the  sphere  of 
die  stars. 

No  doubt,  this  mechanism  will  produce  round-about 
motions,  and  stations,  and  retrogradations,  &c  This, 
however,  is  only  a  very  gross  outline  of  the  planetary  mo- 

'  turns.  But  the  Sim's  unequable  motion  could  not  be  re- 
presented without  supposing  the  Earth  out  of  the  centre 
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of  rotation  of  his  sphere.  This  was  accordingly  supposed, 
and  it  was  an  easy  supposition.  But  the  motion  of  Jupi- 
ter, in  relation  to  the  centre  of  bis  epicycle,  must  be  sum. 
lax  to  the  Sim's  motion  in  relation  to  the  Earth  (123.)  j 
but  a  solid  sphere,  turning  in  a  hollow  which  exactly  fits 
it,  can  only  turn  round  its  centre.  This  is  evident  There- 
fore the  inequality  of  Jupiter's  epicyclical  motion  cannot 
be  represented  by  this  mechanism.  The  deferent  sphere 
may  be  eccentric,  but  the  epicycle  cannot  This  obliged 
those  engineers  to  give  Jupiter  a  secondary  epicycle  much 
smaller  than  the  epicycle  which  produced  his  retrograda- 
uons  and  stations.  It  mored  in  a  hollow  lodgement  made 
far  it  in  the  solid  matter  of  the  epicyle,  just  as  this  moved 
in  a  hollow  in  the  solid  matter  of  the  deferent  globe. 

Even,  this  would  not  correspond,  with  tolerable  exact- 
ness, with  the  observed  tenor  tof  Jupiter's  motion ;  other 
epicycles  were  added,  to  tally  with  every  improvement 
made  on  the  equation  of  the  apparent  motion,  till  the  whole 
space  was  almost  crammed  full  of  solid  matter ;  and  after 
all  these  efforts,  some  mathematicians  affirmed,  that  there 
are  motions  in  the  heavens  that  are  neither  uniform  nor 
circular,  nor  can  be  compounded  of  such  motions.  If  so, 
this  spherical  machinery  is  impossible.  In  modern  times, 
Tycho  Brans'  proved,  beyond  all  contradiction,  that  the 
comet  of  1574  passed  through  all  those  spheres,  and  there- 
fore their  existence  was  a  mere  fiction. 

One  should  think  the  whole  of  this  contrivance  so  artless 
and  rude,  that  we  wonder  that  it  ever  obtained  the  least 
credit ;  yet  was  it  adopted  by  the  prince  of  ancient  philo- 
sophers— by  Aristotle;  and  his  authority  gave  it  possession 
of  all  the  schools  till  modern  times. 

But  where,  all  this  while,  is  the  mover  of  all  this  ma- 
chinery ?  Aristotle  taught,  that  each  globe  was  conducted, 
or  turned  round  its  axis,  by  a  peculiar  genius  or  demon. 
This  was  worthy  of  the  rest ;  and  when  such  assertions 
are  called  explanations,  nothing  in  nature  need  remain  un- 
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explained.  We  must,  however,  do  Hipparchus  and  Pto- 
lemy the  justice  to  say,  that  they  never  adapted  this  hypo* 
thesis  of  Eudoxua  and  Callippus ;  tbey  did  not '  speculate 
about  the  causes,  bat  only  endeavoured  to  ascertain  the 
motions ;  and  their  epicycle  and  deferent  circles  are  given 
by  them  merely  as  steps  of  mathematical  contemplation, 
and  in  order  to  have  some  principle  to  direct  their  calcula- 
tion, just  as  we  demonstrate  die  parabolic  path  of  a  cannon 
ball  by  compounding  a  uniform  motion  in  the  line  of  cb> 
recuon  with  a  uniformly  accelerated  motion  in  die  vertical 
one.  There  is  no  such  composition,  but  the  motion  of  the 
ball  is  die  same  as  if  there  were. 

192.  £.  A  much  more  feasible  attempt  was  made  by 
Cleanthes,  another  philosopher  of  Greece,  to  assign  the 
causes  of  the  planetary  motions.  He  observed,  that  bodies 
are  easily  carried  round  in  whirlpools  or  vortices  of  water. 
He  taught,  that  the  celestial  spaces  are  filled  with  an 
ethereal  fluid,  which  is  in  continual  motion  round  the 
Earth,  and  that  it  carried  the  Sun  and  planets  round  with 
it  But  a  slight  examination  of  this  specious  hypothesis 
shewed,  that  it  was  much  more  difficult  to  form  a  notion 
of  the  vortices,  so  as  to  correspond  with  the  observed  mo- 
tions,  than  to  study  the  motions  themselves.  It  therefore 
gave  no  explanation.  Vet  this  very  hypothesis  was  re- 
vived in  modern  times,  and  was  maintained  by  two  of  the 
most  eminent  mathematician  s  and  philosophers  of  Europe, 
namely,  by  Des  Cartes  and  Leibnitz;  and,  for  a  long 
while,  it  was  acquiesced  in  by  all. 

We  must  constantly  keep  in  mind,  that  an  explanation 
"always  means  to  shew  that  the  subject  in  question  is  an 
example  of  something  that  we  clearly  understand.  What* 
ever  is  the  avowed  property  of  that  more  familiar  subject, 
must  therefore  be  admitted  in  the  use  made  of  it  for  ex- 
planation. We  explain  the  splitting  of  glass  by  beat,  by 
shewing,  that  the  known  and  avowed  effects  of  heat  make 
the  glass  swell  on  one  side  to  a  certain  degree,  with  a  cess 
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tain  bora  fcwe ;  and  we  shew,  that  the  tenacity  of  the 
after  Bide  of  the  glass,  which  is  not  swelled  by  the  beat, 
•  not  able  to  resist  thk  force  which  is  pulling  it  asunder ; 
it  must  therefore  give  way.  In  short,  we  shew  the  split- 
ting  to  be  one  of  the  ordinary  effects  of  heat,  which  ope- 
ntteathcK  as  k  operates  in  aJJ  other  coses. 

Now,  tf  we  take  this  method,  we  find,  that  the  effects  of 
a  vertex  or  whirl  in  a  fluid  arc  totally  unlike  the  planetary 
■  notions,  and  that  we  cannot  ascribe  them  to  the  vortical  . 
motion  of  the  ether,  witiiout  giving  it  laws  of  motion  tm 
Eke  every  thing  observed  in  all  die  fluids  that  we  know ; 
nay,  m  contradiction  of  all  those  lavs  of  mechanics  which 
are  admitted  by  the  very  patrons  of  the  hypothesis.  To 
give  this  fluid  properties  unknown  in  all  others,  is  absurd ; 
we  bad  better  give  those  properties  to  the  planets  them- 
servea.  The  tact  is,  .that  these  two  philosophers  had  not 
token  the  trouble  to  think  about  the  matter,  or  to  inquire 
what  motions  of  a  vortex  of  fluid  ore  possible,  and  what 
are  not,  or  what  effects  will  be  produced  by  such  vortices 
aa  are  possible.  They  had  not  thought  of  any  means  of 
moving  the  fluid  itself,  or  for  preserving  it  in  motion ;  they 
contented  themselves  (at  least  tins  was  the  case  with  Dea 
Cartes)  with'  merely  throwing  out  the  general  fact,  that 
bodies  may  be  carried  round  by  a  vortex.  It  is  to  Sir 
Isaac  Newton  that  we  are  indebted  for  all  that  we  know  of 
vortical  motion.  In  examining  this  hypothesis  of  Des 
Cartes,  which  had  supreme  authority  among  the  philoso- 
phers at  that  time,  he  found  it  necessary  to  inquire  into 
the  manner  in  which  a  vortex  may  be  produced,  and  the 
constitution  of  the  vortex  which  results  from  the  mode  of 
its  production.  This  led  him,  by  necessary  steps,  to  dis- 
cover what  forms  of  vortical  motion  are  possible,  what  are 
permanent,  and  the  variations  to  which  the  others  are  sub- 
.  jeot  In  the  second  book  of  bis  Mathematical  Principles 
of  Natural  Philosophy,  he  has  given  the  result  of  tins  ex- 
auuavoa;  and  it  contains  a  beautiful  system  of  mecham- 
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cal  doctrine,  concerning  the  mutual  action  of  the  filaments 
of  fluid  matter,  by  which  they  modify  each  other's  motion. 
The  remit  of  the  whole  was  a  complete  refutation  of  tins 
hypothesis  as  an  explanation  of  the  planetary  motions, 
shewing  that  the  legitimate  consequences  of  a  vortical  mo- 
tion are  altogether  unlike  the  planetary  motions,  nay,  are 
incompatible  with  them.  It  is  quite  enough,  in  this  place, 
for  proving  the  insufficiency  of  the  hypothesis,  to  observe, 
that  it  must  explain  the  motion  of  the  comets  as  well  as 
that  of  the  planets.  If  Mars  be  carried  round  the  Sun  by 
a  fluid  vortex,  so  is  the  comet  which  appeared  in  1662  and 
1759-  .This  comet  came  from  an  immense  distance,  in 
the  northern  quarter  of  the  heavens,  into  our  neighbour- 
hood, passing  through  the  vortices  of  all  the  planets,  de- 
scribing its  very  eccentric  ellipse  with  the  most  perfect 
regularity.  Now,  it  is  absolutely  impossible,  that,  in  one 
and  the  same  place,  there  can  be  pausing  a  stream  of  the 
vortex  of  a  planet,  and  a  stream  of  the  cometary  vortex, 
having  a  direction  and  a  velocity  so  very  different.  It  is 
inconceivable  that  these  two  streams  of  fluid  shall  have 
force  enough,  one  of  them  to  drag  a  planet  along  with  it, 
and  the  other  to  drag  a  comet,  and  yet  that  the  particles 
of  the  one  stream  shall  not  disturb  the  motion  of  those  of 
the  other  in  the  smallest  degree ;  even  the  infinitely  rare 
vapour  which  formed  the  tail,  of  the  comet  was  not  in  the 
least  deranged  by  the  motion  of  the  planetary  vortices 
through  which  it  passed.  All  this  is  inconceivable  and 
absurd. 

It  is  a  pity  that  the  account  given  by  Newton  of  vortical 
motions  appeared  on  such  an  occasion  ;  for  this  limited  the 
attention  of  his  readers  to  this  particular  employment  of  it, 
which  purpose  being  completely  answered  in  another  way, 
this  argument  became  unnecessary,  and  was  not  looked  in, 
to.  But  it  contains  much  valuable  information,  of  great 
service  in  all  problems  of  hydraulics.  Many  consequences 
of  the  mutual  action  of  the  fluid  filaments  produce  impor- 
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Unt  changes  on  the  motion  of  the  whole ;  so  that  till  these 
aie  understood  and  taken  into  the  account,  we  cannot  give 
an  answer  to  -very  simple,  yet  important  question*.  This 
is  the  cause  why  this  branch  of  ■"■W'fl  philosophy  is 
in  so  imperfect  a  state,  although  it  is  one  of  the  most  im- 


193l  S.  Many  of  the  ancient  philosophers,  struck  with 
me  order,  regularity,  and  harmonious  co-operation  of  the 
planetary  motions,  imagined  that  they  were  conducted  by 
intelligent  minds.  Aristotle's  way  of  conceiving  this  has 
been  already  mentioned.  The  same  doctrine  has  been  re- 
vived^ in  some  respect,  in  modern  times.  Leibnitz  animates 
every  particle  of  matter,  when  be  gives  his  Monadi  a  per- 
ception of  their  situation  with  respect  to  every  other  monad, 
and  a  motion  in  consequence  of  this  perception.  This, 
and  the  elemental  mind  ascribed  by  Lord  Monboddo  to 
every  thing  that  begins  motion,  do  not  seem  to  differ  much 
from  thetrmchix*  of  Aristotle;  nor  do  they  differ  from 
what  all  the  world  distinguishes  by  the  name  of  force. 

This  doctrine  cannot  be  called  a  hypothesis ;  it  is  rather 
a  definition,  or  a  misnomer,  giving  the  name  Mind  to  what 
exhibits  none  of  those  phenomena  by  which  we  distinguish 
mind.  No  end  beneficial  to  the  agent  is  gained  by  the 
motion  of  the  planet  It  may  be  beneficial  to  its  inhabit- 
ant*—But  should  we  think  more  highly  of  the  mind  of  an 
animal  when  it  is  covered  with  vermin  P — Nor  does  this 
doctrine  give  die  smallest  explanation  of  the  planetary  mo- 
tions. We  must  explain  the  motions  by  studying  them, 
in  order  to  discover  the  laws  by  which  the  action  of  their 
cause  is  regulated :  this  is  just  the  way  that  we  learn  the 
nature  of  any  mechanical  force.     Accordingly, 

194.  4.  Many  philosophers,  both  in  ancient  and  modern 
times,  imagined  that  the  planets  were  deflected  from  uniform 
rectilineal  motion  by  forces  similar  to  what  we  observe  in 
the  motions  of  magnetical  and  electrical  bodies,  or  in  the 
motion  of  common  heavy  bodies,  where  one  body  seems  to 
1 
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influence  the  motion  of  another  at  a  distance  from  it,  with-' 
out  any  intervening  impulsion.  It  is  thus  that  a  ■tone  is 
bent  continually  from  the  line  of  its  direction  towards  tW 
Earth,  In  the  same  manner,  an  iron  ball,  rolling  along  a 
level  table,  will  be  turned  aside  toward  a  magnet,  and,  by 
properly  adjusting  the  distance  and  the  velocity,  the  ball 
may  be  made  to  revolve  round  the  pole  of  the  magnet 
Many  of  the  ancients  said  that  the  curviUneat  motions  of 
the  planets  were  produced  by  tmdmcw  to  one  another,  or 
to  a  common  centre.  Among  the  moderns,  Format  is  the 
first  who  said  in  precise  terms  that  the  weight  of  a  body  is 
the  sum  of  the  tendencies  of  each  particle  to  every  particle 
of  the  Earth.  Kepler  said  still  more  expressly,  that  if  there 
be  supposed  two  bodies,  placed  oat  of  the  reach  of  all  ex- 
ternal forces,  and  at  perfect  liberty  to  move,  they  would 
approach  each  other,  with  velocities  inversely  proportional 
to  their  quantities  of  matter.  The  Moon  (says  he)  and 
the  Earth  mutually  attract  each  other,  and  are  prevented 
from  meeting  by  their  revolution  round  their  common 
centre  of  attraction.  And  he  says  that  the  tides  of  the 
ocean  are  the  effects  of  the  Moon's  attraction,  heaping  up 
the  waters  immediately  under  her.  Than,  adopting  the  ■ 
opinion  of  our  countryman,  Dr  Gilbert  of  Colchester,  that 
the  Earth  is  a  great  magnet,  he  explains  how  this  mutual 
attraction  will  produce  a  deflection  into  a  curvilineal  path, 
and  adds,  *  VerUatis  in  me  Jit  amor  an  gloria,  loqwmtur 
1  dogmata  mea,  qua  pteraqw  ab  aiUs  aaxptajbro.  Totam 
1  astronomiam  Copernicihypothesibus  at  nutnao,  Tycham* 
*  vera  Brahei  obwrvationibu*,  dmique  Gul&imi  Gilbert* 
'  Angii  pKUosophke  magnetic^  inadifico.' 

■pit.  abtk.  corn*. 
195.  The  most  express  surmise  to  this  purpose  is  that  of 
Dr  Robert  Hooke,  one  of  the  moat  ardent  and  ingenious 
students  of  nature  in  that  busy  period.  At  a  meeting  of 
the  Royal  Society,  on  May  S,  1066,  he  expressed  hirasel*. 
in  the  following  n 
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'  I  will  explain  *  system  of  the  world  very  different  from 
'  any  yet  received ;  and  it  is  founded  on  the  three  follow- 
'  ing  positiona. 

*  1.  That  all  the  heavenly  bodiei  have  not  only  a  gra- 
1  vitation  of  their  parte  to  their  own  proper  centre,  but  that 
'  they  also  mutually  attract  each  other  within  their  sphere* 
<  of  action. 

«  2.  That  all  bodies  having  a  simple  motion,   will  con- 

*  tinue  to  move  in  a  straight  line,  unless  continually  deflect- 
'  ed  from  it  by  some  extraneous  force,   causing  them  to 

*  describe  a  circle,  an  ellipse,  or  some  other  curve. 

*  3.  That  this  attraction  is  so  much  the  greater  as  the 
'  bodies  are  nearer.  As  to  the  proportion  in  which  those 
'  forces  dimmish  by  an  increase  of  distance,  I  own  (says 
1  he). I  have  not  discovered  it,  although  I  have  made  some 

*  experiments  to  this  purpose.     I  leave  this  to  others,  who 

*  have  time  and  knowledge  sufficient  for  the  task.1 

This  is  afvery  precise  enunciation  of  a  proper  philoso- 
phical theory.  The  phenomenon,  the  change  of  motion,  is 
considered  as  the  mark  and  measure  of  a  changing  force, 
and  his  audience  is  referred  to  experience  for  the  nature  of 
tab  force.  He  had  before  this  exhibited  to  the  Society  a 
very  pretty  experiment  contrived  on  these  principles.  A 
ball,  suspended  by  a  Jong  thread  from  the  ceiling,  was  made 
to  swing  round  another  bail  laid  on  a  table  immediately  be- 
low the  point  of  suspension.  When  the  push  given  to.  the 
pendulum  was  nicely  adjusted  to  its  deviation  from  the 
perpendicular,  it  described  a  perfect  circle  round  the  ball 
on  the  table.  But  when  the  push  was  very  great,  or  very 
■nail,  it  described  an  ellipse,  having  the  other  ball  in  its 
centre.  Hooke  shewed  that  this  was  the  operation  of  a 
deflecting  force  proportional  to  the  distance  from  another 
balL  He  added,  that  although  this  illustrated  the  planetary 
motions  in  same  degree,  yet  it  was  not  suitable  to  their 
canse.  "Bar  the  planets  describe  ellipses  having  the  Sun, 
not  in  the  centre,  but  in  the  focus.     Therefore  they  are 
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not  retained  by  a  force  proportional  to  their  distance  from 
the  Sun.  This  was  strict  reasoning,  from  good  principles. 
It  is  worthy  of  remark,  that  in  this  clear,  and  candid,  and 
modest  exposition  of  a  rational  theory,  he  anticipated  the 
discoveries  of  Newton,  as  he  anticipated,  with  equal  dis- 
tinctness and  precision,  the  discoveries  of  Lavoisier,  a  phi- 
losopher inferior  perhaps  only  to  Newton. 

Thus  we  see  that  many  had  noticed  certain  points  of  re- 
semblance between  the  celestial  motions  and  the  motions  of 
magnets  and  heavy  bodies.  But  these  observers  let  the 
remark  remain  barren  in  their  hands,  because  they  had 
neither  examined  with  sufficient  attention  the  celestial  mo- 
tions, which  they  attempted  to  explain,  nor  Bad  they  form- 
ed to  themselves  any  precise  notions  of  the  motions  from 
which  they  hoped  to  derive  an  explanation. 

196.  At  last  a.  genius  arose,  fully  qualified,  both  by  talents 
and  disposition,  for  those  arduous  tasks.  I  speak  of  Sir 
Isaac  Newton.  This  ornament,  this  boast  of  our  nature, 
had  a  most  acute  and  penetrating  mind,  accompanied  by 
the  soundest  judgment,  with  a  modest  and  proper  diffidence 
in  his  own  understanding.  He  had  a  patience  in  investiga- 
tion, which  I  believe  is  yet  without  an  equal,  and  was  con- 
vinced that  this  was  the  only  compensation  attainable  for  the 
imperfection  of  human  understanding,  and  that  when  ex- 
ercised in  prosecuting  the  conjectures  of  a  curious  mind,  it 
would  not  fail  of  giving  him  all  the  information  that  we  are 
warranted  to  hope  for.  Although  only  24  years  of  age, 
Mr  Newton  had  already  given  the  most  illustrious  specimen 
of  his  ability  to  promote  the  knowledge  of  nature,  in  his 
curious  discoveries  concerning  light  and  colours.  These 
were  the  result  of  the  most  unwearied  patience,  in  making 
experiments  of  the  most  delicate  kind,  and  the  moat  acute 
penetration  in  separating  the  resulting  phenomena  from 
each  other,  and  the  clearest  and  most  precise  logic  in  rea- 
soning from  them ;  and  they  terminated  in  forming  a  body 
of  science  which  gave  a  total  change  to  all  the  notions  of 
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philosophers  on  this  subject  Yet  this  body  of  optical 
science  was  nothing  but  a  fair  narration  of  the  facts  pre- 
sented to  his  view.  Not  a  single  supposition  or  conjecture 
is  to  be  found  in  it,  nor  reasoning  on  any  thing  not  imme- 
diately before  the  eye ;  and  all  its  science  consisted  in  the 
judicious  classification.  This  had  brought  to  light  certain 
general  laws,  which  comprehended  all  the  rest  Young 
Newton  saw  that  this  was  sure  ground,  and  that  a  theory, 
so  founded,  could  never  be  shaken.  He  was  determined 
therefore  to  proceed  in  no  other  way  in  all  his  future  spe- 
culations, well  knowing  that  the  fair  exhibition  of  a  law  of 
nature  is  a  discovery,  and  all  the  discovery  to  which  our 
limited  powers  will  ever  admit  us.  For  he  felt  in  its  full 
force  the  importance  of  that  maxim  so  warmly  inculcated 
by  Lord  Bacon,  that  nothing  is  to  be  received  as  proved  in 
•  the  study  of  nature  that  is  not  logically  inferred  from  an 
observed  fact;  that  accurate  observation  of  phenomena 
must  precede  all  theory;  and  that  the  only  admissible 
theory  is  a  proof  that  the  phenomena  under  consideration 
is  included  in  some  general  fact,  or  law  of  nature. 

197.  Retired  to  his  country  bouse,  to  escape  the  plague 
which  then  raged  at  Cambridge  where  he  studied,  and  one 
day  walking  in  his  garden,  his  thoughts  were  turned  to  the 
causes  of  the  planetary  motions.  A  conjecture  to  this  pur- 
pose occurred  to  him.  Adhering  to  the  Baconian  maxim, 
he  immediately  compared  it  with  the  phenomena  by  calcu- 
lation. But  he  was  misled  by  a  false  estimation  he  had 
made  of  the  bulk  of  the  Earth.  His  calculation  shewed 
him  that  his  conjecture  did  not  agree  with  the  phenomenon. 
Newton  gave  it  up  without  hesitation ;  yet  the  difference 
was  only  about  a  sixth  or  seventh  part ;  and  the  conjecture, 
had  it  been  confirmed  by  the  calculation,  was  such  as  would 
have  acquired  him  great  celebrity.  What  youth  but  New- 
ton could  have  resisted  such  a  temptation  ?  But  he  thought 
no  more  of  it 
As  he  admired  Des  Cartes  as  the  first  mathematician  of 
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Europe,  and  as  his  desire  of  lutderstanding  the  planetary 

motions  never  quitted  his  mind,  he  Set  himself  to  examine, 
in  his  own  strict  manner,  the  Cartesian  theory,  which  at 
this  time  was  supreme  in  the  universities  of  Europe.  He 
discovered  its  nullity,  but  would  never  have  published  a 
refutation,  hating  controversy  above  all  things,  and  being 
already  made  unhappy  by  the  contests  to  which  his  optical 
discoveries  had  given  occasion.  His  optical  discoveries  had 
recommended  him  to  the  Royal  Society,  and  he  was  now  a 
member.  There  he  learned  the  accurate  measurement  of 
the  Earth  by  Picard,  differing  very  much  from  the  estima- 
tion by  which  he  had  made  his  calculation  in  1666 ;  and 
he  thought  bis  conjecture  now  more  likely  to  be  just.  He 
Went  home,  took  out  his  old  papers,  and  resumed  his  calcu- 
lations. As  they  drew  to  a  close,  he  was  so  much  agitated, 
that  he  was  obliged  to  desire  a  friend  to  finish  them.  His 
former  conjecture  was  now  found  to  agree  with  the  pheno- 
mena with  the  utmost  precision.  No  wonder  then  that  hia 
mind  was  agitated.  He  saw  the  revolution  he  was  to  make 
in  the  opinions  of  men,  and  that  he  was  to  stand  at  the  head 
of  philosophers. 

198..  Newton  now  saw  a  grand  scene  laid  open  before 
him;  and  he  was  prepared  for  exploring  it  in  the  compfctwst 
manner ;  for,  ere  this  time,  he  had  invented  a  species  of 
geometry  that  seemed  precisely  made  for  this  research.  Dr 
Hooke's  discourse  to  the  Society,  and  his  shewing  that  the 
pendulum  was  not  a  proper  representation  of  the  planetary 
forces,  was  a  sort  of  challenge  to  him  to  find  out  that  law 
of  deflection  which  Hookc  owned  himself  unable  to  dis- 
cover. He  therefore  set  himself  seriously  to  work  on  the 
great  problem,  to  '  determine  the  motion  of  a  body  under 
'  the  continual  influence  of  a  deflecting  force.'  There  were 
found  among  his  papers  many  experiments  on  the  force  of 
magnets ;  but  this  does  not  seem  to  have  detained  him  long. 
He  began  to  consider  the  motions  of  terrestrial  bodies  with 
an  attention  that  never  had  been  bestowed  on  them 'before ; 
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and  in  a  short  time  composed  twelve  prepositions,  which 
contained  the  leading  points  of  celestial  mechanism.  Some 
years  after,  viz.  in  1688,  be  communicated  them  to  the 
Boyal  Society,  and  they  were  entered  on  record.  Bat  a) 
little  was  Newton  disposed  to  court  fame,  that  be  never 
thought  of  publishing,  till  Dr  Edmund  Halley,  the  most 
frwrtt  mathematician  and  philosopher  in  the  kingdom, 
went  to  visit  him  at  Cambridge,  and  never  ceased  impor- 
tuning and  entreating  him,  till  he  was  prevailed  on  to  bring 
his  whole  thoughts  on  the  subject  together,  digested  into  a 
regular  system  of  universal  mechanics.  Dr  Halley  was  even 
obliged  to  correct  the  manuscript,  to  get  the  figures  en- 
graved,  and,  finally,  to  take  charge  of  the  printing  and 
publication.  Newton  employed  hut  eighteen  months  to 
compose  this  immortal  work.  It  was  published  at  last,  in 
1687,  under  the  title  of  Mathematical  Principles  of  Natu- 
ral Phiiotnphy,  and  will  be  accounted  the  sacred  oracles  of 
natural  philosophy  as  long  as  any  knowledge  remains  hi 
Europe. 

199.  It  is  plain,  that  in  this  process  of  investigation,  in 
order  to  explain  the  planetary  motions  by  means  of  our 
knowledge  of  motions  that  are  more  familiar,  Newton  was 
obliged  to  suppose  that  the  planets  consist  of  common 
matter,  in  which  we  infer  the  nature  of  the  moving  cause 
from  the  motions  that  we  observe.  Newton's  first  step, 
therefore,  was  a  scrupulous  observation  of  the  celestial 
motions,  knowing  that  any  mistake  with  regard  to  these 
must  bring  with  it  a  similar  mistake  with  regard  to  the 
natural  power  inferred  from  it  Every  force,  and  every 
degree  of  it,  is  merely  a  philosophical  interpretation  of 
some  change  of  motion  according  to  the  Copernican  system. 
The  Earth  is  said  to  gravitate  towards  the  Sun,  because, 
and  only  because,  she  describes  a  curve  line  concave  toward 
the  Sun,  and  areas  proportional  to  the  times.  If  this  be 
not  true,  it  is  not  true  that  the  Earth  gravitates  to  the 
Sun.    For  this  reason,  a  doubt  was  expressed  (177-),  whe- 
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ther  the  Newtonian  discoveries  were  used  with  propriety  » 
arguments  for  the  truth  of  the  Copernican  system. 

Most  fortunately  for  science,  the  real  motions  of  the 
heavenly  bodies  had  been  at  last  detected ;  and  the  saga- 
cious Kepler  had  reduced  them  all  to  three  general  huts, 
known  by  the  name  of  the  laws  of  Kepler. 
.  200.  The  first  of  those  laws  is,  that  aUtheplaneU  move 
round  the  Sun  in  such  a  manner  that  the  line  drawn  Jrosn 
a  planet  to  the  Sun  panes  over  or  describe*  (verrit,  sweeps) 
areas  proportional  to  the  times  of  the  motion. 

Hence  Newton  made  his  first  and  great  inference,  that 
the  defection  of  each  planet  is  the  action  of  a  Jbrce  always 
directed  toward  the  San  (219.),  that  is,  such,  that  if  the 
planet  were  stopped,  and  then  let  go,  it  would  move  toward 
the  Sun  in  a  straight  line,  with  a  motion  continually  acce- 
lerated, just  as  we  observe  a  stone  fall  toward  the  Earth. 
Subsequent  observation  has  shewn  this  observation  to  be 
much  more  extensive  than  Kepler  bad  any  notion  of;  tor 
it  comprehends  above  ninety  comets,  which  have  been  ac- 
curately observed.  A  similar  action  or  force  is  observed 
to  connect  the  Moon  with  this  Earth,  four  satellites  with 
Jupiter,  seven  with  Saturn,  and  six  with  HerscheTs  planet, 
all  of  which  describe  round  the  central  body  areas  propor- 
tional to  the  times.  Newton  ascribed  all  these  deflections 
to  the  action  of  a  mechanical  force,-  on  the  very  same  au- 
thority with  which  we  ascribe  the  deflection  of  a  bombshell, 
or  of  a  stone,  from  the  hue  of  projection  to  its  weight, 
which  all  mankind  consider  as  &Jbrce.  He  therefore  said 
that  the  primary  planets  are  retained  in  their  paths  round 
the  Sun,  and  the  satellites  in  their  paths  round  their  re- 
spective primaries,  by  a  Jbrce  tending  toward  the  central 
body.  But  it  must  be  noticed  that  this  expression  ascer- 
tains nothing  but  the  direction  of  this  force,  but  gives  no 
hint  as  to  its  manner  of  acting.  It  may  be  the  impulse  of 
a  stream  of  fluid  moving  toward  that  centre ;  or  it  may 
be  the   attraction  of  the  central  body.      It    may  be  a 
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tendency  inherent  In  the  planet — it  may  be  the  Influence 

of  some  ministering  spirit— but,  whatever  it  is,  this  is  the 

direction  of  its  effect. 
801.  Having  made  this  great  step,  by  which  the  relation 

of  the  planets  to  the  Sun  is  established,  and  the  Sim  proved 
to  be  the  great  regulator  of  their  motions,  Newton  ptdce«L 
ed  to  inquire  farther  into  the  nature  of  this  deflecting  force, 
of  which  nature  be  had  discovered  only  one  eircurnstanoe- 
He  nov  endeavoured  to  discover  what  variation  is  made  id 
this  deflection  by  a  change  of  distance.  If  this  follb*  atiy 
regular  law,  it  will  be  a  material  point  ascertained.  This 
en  be  disctfvered  only  by  comparing  the  momentary  deflec- 
tions of  a  planet  in  its  different  distances  from  the  Sun. 
The  magnitude  or  intensity  of  the  force  must  be  conceived 
as  precisely  proportional  to  the  magnitude  of  the  deflection 
which  it  pradodM  in  the  same  time*  just  as  We  measure  the1 
ferae  of  terrestrial  gravity  by  the  deflection  of  shtteen  feet 
in  a  second  ;  which  we  dbaerv e,  whether  it  be  a  bombshell 
flying  three  miles,  or  a  pebble  thrown  to  the  distance  of  a 
few  yards,  or  a  stone  simply  dropped  from  the  hand.  Hence 
we  infer,  that  gravity  k  every  where  the  same.  We  mast 
reason  in  the  same  way  concerning  the  planetary  deflections 
in  the  different  parte  of  their  orbits. 

Kepler's  second  law,  with  the  assistance  of  the  first, 
enabled  Newton  to  make'  this!  comparison.  This  second 
general  fact  is,  that  each  planet  describes  an  ellipse,  having 
the  Smn  in  onejbeut.  Therefore,  to  learn  the  proportion 
of  fte  momentary  deflections  in  different  points  of  the 
ellipse,  we  have  only  to  know  the  proportion  of  the  arche* 
described  in  equal  small  moments  of  time.  This  we  may 
learn  by  drawing  *  pair  of  lines  from  the  Son  to  different 
parts  of  the  ellipse,  so  that  each  pair  of  lines  shall  compre- 
hend equal  areas.  The  arches  en  which  these  areas  stand 
moat  be  described  in  equal  times ;  and  the  proportion  of 
their  linear  deflections  from  the  tangents  must  be  taken  for 
the  proportion  of  the  deflecting  forces  which  produced  them. 
Vol.  III.  6 
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To  make  those  equal  areas,  we  must  know  the  precise  form 
of  the  ellipse,  and  we  must  know  the  geomeUical»pc«pertieft 
of  this  figure,  that  we  may  know  the  proportion  of  those 
linear  deflections. 

208.  TluJbreebyvhiiAaptonrtducribet  oreat  prafor- 
Honai  to  ^  timet  round  thejbeuitfit*  elliptical  orb*",*** 
the  tquare  ofit$  dUtancefrom  thejboui  mvenekj. 

Let  F  be  the  deflecting  farce  in  the  aphelion  A  (Fig. 
17.)  andy  the  force  in  any  intermediate  point  P.  Let  V 
and  v  he  the  velocities  inAandP,  andCaodcbetbe 
deflective  chorda  of  the  equicurve  circles  hi  those  points. 

Then,   by  a  dynamical  proposition  we  have  F  \f  = 

Y!.-  ^  ,  or=:  Wr*C.  But,  when  areas  are  described 
C      e 

proportional  to  the  times,  the  velocity  in  A  U  to  that  in  P 
inversely  as  the  perpendiculars  drawn  from  F  to  the  tan- 
gents in  A  and  P.  F  A  is  perpendicular  to  the  tangent 
in  A,  and  FN  is  perpendicular  to  the  tangent  PN.  There- 
fore F:f=  '  :-2_=  FN*  x  c:F  A*  X  C. 
J  F  A"  F  N* 
But  it  is  known  that  C,  the  deflective  chord  at  A,  is 
equal  to  L  the  principal  parameter  of  the  ellipse.  It  ia 
also  known  that  P  0  is  half  the  deflective  chord  at  P,  and 
that  P  R  is  half  the  principal  parameter  L.  Moreover,  the 
triangles  F  N  P  and  P  Q-0  and  P  Q  R  are  similar,  and 
therefore  FN:  FP=PQ:PO.  ButPO:PQ=PQ: 
P  R.  Therefore  PO  :  PR=PO*  :  PQ*.  Therefore  FN"  : 
FP*=PR :  PO,  and  FN'  +  PO  «=  FP»  x  PR,  and  FN"  X 
2  PO  =  FP1  x  PR ;  that  is,  FN1  x  c  =  FP*  X  L. 

Therefore  F:/=  FP»  x  L  :  F  A*  xU  =  $F  !  FA1, 
that  is,  inversely  as  the  square  of  the  distance  from  F. 

203.  This  proposition  may  be  demonstrated  more  briefly, 
and  perhaps  more  palpably,  as  follows : 

If  P  p  be  a  very  minute  arch,  and  p  r  be  perpendicular 
to  the  radius  vector  P  F,  then  qp,  the  linear  deflection 
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from  the  tangent  is,  ultimately,  in  the  proportion  of  p  r*. 
But,  because  equal  anas  axe  described  in  equal  times,  the 
elementary  triangle  P  Fp  is  a  constant  quantity,  when  the 
moments  are  supposed  equal,  and  therefore  p  r  is  inversely 
asPF,  aodj>r»inverHelyasPF*.  Therefore  qp  is  inverse- 
ly as  PF*or  the  momentary  deflection  from  the  tangent  is 
inversely  as  the  square  of  P  F,  the  distance  from  the  focus. 
Now,  the  momentary  deflection  is  the  measure  of  the  de- 
flecting force,  and  the  force  is  inversely  as  the  square  of  the 
distance  from  the  focus. 

Here,  then,  is  exhibited  all  that  we  .know  of  that  property 
or  mechanical  affection  of  the  innate*  of  matter  which  com- 
pose the  solar  system.  Each  is  under  the  continual  infiu- 
ence  of  a  force  directed  toward  the  Sua,  urging  the  planet 
in  that  direction ;  and  this  force  is  variable  in  its  intensity, 
being  more  intense  as  the  planet  comes  nearer  to  the  Sun  ; 
and  this  change  is  in  the  inverse  duplicate  ratio  of  its  dis- 
tance from  the  Sun.  It  will  free  us  entirely  from  many 
metaphysical  objections  which  have  been  made  to  this  in- 
ference, if,  t^atpfl^  of  saying  that  the  planets  manifest  such 
a  variable  tendency  toward  the  Sun,  we  content  ourselves 
with  simply  affirming  the  fact,  that  the  planets  are  conti- 
nually deflected  toward  the  Sun,  and  that  the  momentary 
deflections  are  in  the  i  n verse  duplicate  ratio  of  the  distances 
from  him. 

301.  We  must  affirm  the  same  thing  of  the  forces  which 
retain  the  satellites  in  their  elliptical  orbits  round  their  pri- 
mary planets.  For  they  also  describe  ellipses  having  the 
primary  planet  in  the  focus;  and  we  must  also  include  the 
HaJleysn  comet,  which  shewed,  by  its  re-apparition  in  1759, 
that  it  describes  an  ellipse  having  the  Sun  in  the  focus.  If 
the  other  comets  be  also  carried  round  in  eccentric  ellipses, 
we  must  draw  the  same  conclusion.  Nay,  should  they  de- 
scribe parabolas  or  hyperbolas  having-  the  Sun  in  the  focus, 
we  should  still  find  that  they  are  retained  by  a  force  in- 
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versely  proportional  to  the  square  of  the  distance.  "This  is- 
demonstrated  is  precisely  the  some  manner  aa  in  the  case  of* 
elliptical  motion ;  namely,  by  comparing  the  Enear  deflec- 
tions corresponding  to  equal  elementary  sectors  oF  the  para- 
bola or  hyperbola.  These  are  described  tti  equal  times, 
and  the  linear  deflections  are  proper  measures  of  the  de- 
flecting forces.  We  shall  find  in  both  of  those  curves  qp 
proportional  to  or*.  It  is  the  common  property  of  (be  conic 
sections  referred  to  a  focus. 

It  is  most  probable  that  the  comets  describe  very  eccen- 
tric ellipses.  But  we  get  sight  of  them  only  when  ifiey 
come  near  to  the  Sun,  within  the  orbit  of  Saturn.  None 
has  yet  been  observed  as  far  off  as  that  planet.  The  vii 
sible  portion  of  their  orbits  BensiWy  coincides  with  a  para- 
bola or  hyperbola,  having  the  same  focus ;  and  their  motion, 
computed  on  this  supposition,  agrees  with  observation: 
The  computation  in  the  parabola  is  very  easy,  and  can  then 
be  transferred  to  an  ellipse  by  an  ingenious  theorem  of  Dr 
Halley's  in  his  Astronomy  of  Comets.  M.  Lambert  of  Ber- 
lin has  greatly  simplified  the  whole  process.  The  student 
will  mid  much  valuable  information  on  this  subject  in 
M'Laurin's  Treatise  of  Fluxions.  The  chapters  on  curva- 
ture and  its  variations,  are  scarcely  distinguishable  from 
propositions  on  curvilineaf  motion  and  deflecting  forces. 
Indeed,  since  all  that  we  know  of  a  deflecting  force  fa  die 
deflection  which  we  ascribe  to  it,  the  employment  of  the 
word Jbtcc  in  such  discussions  is  little  more  than  an  abbre- 
viation of  language 

This  proposition  being,  by  its  services  in  explaining  the 
phenomena  of  nature,  the  most  valuable  mechanical  theorem 
ever  given  to  the  world,'  we  may  believe  that  much  atten- 
tion has  been  given  to  it,  and  that  many  methods  of  de- 
monstrating it  have  "been,  offered  to  the  choice  of  mathema- 
ticians, the  authors  claiming  some  merit  in  facilitating  or 
Improving  the  investigation.  Newton's  demonstration  is 
very  short,  but  is  a  good  deal  encumbered  with  composition 
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of  ratios,  and  ad  arithmetical  or  algebraical  turn  of  expres- 
sion, frequently  mixed  with  ideas  purely  geometrical.  New- 
ton was  obliged  to  compress  into  it  some  properties  of  the 
conic  sections  which  were  not  very  familiar  at  that  time, 
because  not  of  frequent  use :  they  are  now  familiar  to  every 
student,  making  part  of  the  treatises  of  come  sections.  By 
referring  to  these,  die  succeeding  authors  gave  their  de- 
monstrations the  appearance  of  greater  simplicity  and  ele- 
gance. But  Newton  gives  another  demonstration  in  the 
second  and  third  editions  of  the  Principia,  employing  the 
deflective  chord  of  the  equicurve  circle  precisely  in  the  way 
employed  in  our  text  This  mode  of  demonstration  has 
been  varied  a  little,  by  employing  the  radius  of  curvature, 
instead  of  the  chord  passing  through  the  centre  of  forces. 
The  theorente  given  by  M.  De  Moivre  were  the  first  in 
this  way,  and  are  very  general,  and  very  elegant  Those 
of  Jo.  Bernoulli,  .Hermann,  and  Keill,  scarcely  differ 
from  them,  and  none  of  them  all  is  preferable  to  Newton's, 
now  mentioned,  either  for  generality,  simplicity,  or  ele- 
gance. 

206.  It  remains  now  to  inquire,  whether  there  be  any 
analogy  between  the  forces  which  retain  the  different  planets 
in  their  respective  orbits.  It  is  highly  probable  that  there 
js,  seeing  they  all  respect  the  Sun.1  But  it  is  by  no  means 
certain.  Different  bodies  exhibit  very  different  laws  of 
action.  Those  of  magnetism,  electricity,  and  cohesion,  are 
extremely  different ;  and  the  chymical  affinities,  considered 
as  the  effects  of  attractive  and  repulsive  forces,  are  as  va- 
rious as  the  substances  themselves.  As  we  know  nothing 
of  the  coHfltjtwriou  of  the  heavenly  bodies,  we  cannot,  a 
priori,  say  that  it  is  not  so  here.  Perhaps  the  planets  are 
deflected  by  the  impulsion  of  a  fluid  in  motion,  or  are  thrust 
toward  the  Sun  by  an  elastic  aether,  denser  and  more  elastic 
M  we  recede  from  the  Sun.  The  Sun  may  be  a  magnet, 
and  at  trie  same  time  electrical.  The  Sun  so  constituted 
would  act  on  a  magnetics!  planet  both  by  magnetics]  and 
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electrical  attraction,  while  another  planet  is  affected  only 
by  his  electricity.  A  thousand  such  suppositions  may  be 
formed,  all  very  possible.  Newton  therefore  could  not  leave 
this  question  undecided. 

Various  means  of  deciding  it  are  offered  to  us  by  die 
phenomena.  The  motion  of  the  comets,  and  particularly 
of  the  Halleyan  comet,  seems  to  deckle  it  at  once.  This 
comet  came  from  a  distance,  far  beyond  the  remotest  of 
the  known  planets,  and  came  nearer  to  the  Sun  than  Venus. 
Therefore  we  are  entitled  to  say,  that  a  force  inversely  as 
the  square  of  the  distance  from  the  Sun,  extends  without 
interruption  through  the  whole  planetary  spaces.  But 
farther,  if  we  calculate  the  deflection  actually  observed  in 
the  Halleyan  comet,  when  it  was  at  the  same  distance  from 
the  Sun  as  any  of  the  planets,  we  shall  find  it  to  be  pre- 
cisely the  same  with  the  deflection  of  that  planet  There 
can  remain  no  doubt  therefore,  that  it  is  one  and  the  same 
force  which  deflects  both  the  comet  and  the  planet 

But  Newton  could  not  employ  this  argument  The 
motions  of  the  comets  were  altogether  unknown,  and  pro- 
bably would  have  remained  so,  had  he  not  discovered  the 
sameness  of  the  planetary  force  through  its  whole  scene  of 
influence.  The  fact  is,  that  Newton's  first  conjectures 
about  the  law  of  the  solar  force  were  founded  on  much 
easier  observations. 

Kepler's  third  law  is,  that  the  squares  of  the  periodic 
times  of  the  planet*  are  m  the  same  proportion  with  the 
eubee  of  their  mean  distances  Jrom  the  Snn.  Thus,  Man 
is  nearly  four  times  as  far  from  the  Sun  as  Mercury,  and 
his  period  is  nearly  eight  times  that  of  Mercury.  Now, 
V- 64,  =  8  . 

The  planets  describe  figures  which  differ  very  little  from 
circles,  whose  radii  are  those  mean  distances.  If  they  de- 
scribed circles,  it  would  have  been  very  easy  to  ascertain 
the  proportion  of  the  centripetal  forces.    For,  by  Dynamics 

we  had/-==-s.    Now,  in  the  planetary  motions,  we  have 

■ 
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d  I 

P=  d*.     Therefore,  in  this  caae,f=-r&  or  ==  -g,   that  is, 

the  forces  which  regulate  the  motions  of  the  planets  at 
their  mean  distances  are  inversely  as  the  squares  of  those 


It  was  this  notion  (by  no  means  precise)  of  the  planetary 
force,  which  had  first  occupied  the  thoughts  of  young 
Newton,  while  yet  a  student  at  college— and,  on  no  better 
authority  than  this,  had  he  supposed  that  a  similar  analogy 
would  be  observed  between  the  deflection  of  the  Moon  and 
that  of  a  cannon  ball.  Kb  disappointment,  occasioned  by 
his  erroneous  estimation  of  the  bulk  of  this  Earth,  and  his 
horror  at  the  thoughts  of  any  such  controversies  as  his  opti- 
cal discoveries  had  engaged  him  in,  seem  to  have  made  him 
resolve  to  keep  these  thoughts  to  himself.  But  when  Pi- 
card's  measure  of  the  Earth  had  removed  his  cause  of  mis- 
take, and  he  saw  that  the  analogy  did  really  -hold  with  res. 
pact  to  the  force  reaching  from  the  Earth  to  the  Moon ; 
he  then  thought  it  worth  his  while  to  study  the  subject 
seriously,  and  to  investigate  the  deflection  in  the  arch  of 
an  empse.  His  study  terminated  in  the  proposition  de- 
monstrated above — doubtless  to  his  great  delight  He  was 
no  longer  contented  with  the  vague  guess  which  he  had 
made  as  to  the  proportion  of  the  fanes  which  deflected  the 
different  planets.  The  orbit  of  Mars,  and  still  more  the 
orbit  of  Mercury,  ia  too  eccentric  to  be  considered  as  a  cir- 
cle. Besides,  at  the  mean  distances,  the  radius  vector  is 
sot  perpendicolar  to  the  curve,  as  it  is  in  a  circle.  He 
was  now  in  a  condition  to  compare  the  simultaneous  deflec- 
tions of  any  two  planets,  in  any  part  of  their  orbits.  This 
he  has  done.  In  the  fifteenth  proposition  of  the  first  book 
of  the  Princtpia,  be  demonstrates,  that  if  the  forces  ac- 
tuating the  different  planets  are  in  the  inverse  duplicate 
ratio  of  the  distances  from  the  Sun,  then  the  squares 
of  the  periodic  times  must  be  as  the  cubes  of  the  mean 
This  being  a  matter  of  observation,  it  follows, 
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conversely,  that  the.  forces  are  in  this  inverse  duplicate  ra- 
tio of  the  distances. 

Thus  was  his  darling  object  attained.  But  as  this  fif- 
teenth proposition  has  sonie  intricacy,  it  is  not  fp  clpar  as 
we  should  wish  in  an  elementary  course  like  ours.  The 
same  truth  may  be  easily  made  appear  in  the  following 
rnanqer. 

306.  If  a  planet,  when  at  Us  mean  distance,  Jrom  the 
Sun,  be  projected  in  a  direction  perpendicular  to  ike  rw*wf 
vector,  with  the  same  velocity  which  it  hat  in  that  jwssuj  o/" 
its  orbit,  it  will  describe  a  circle  round  the  Sv»  *t*  '%  wnc 
time  that  it  describes  the  ellipse. 

l&  ABPD  (Fig.  18.)  be  the  elliptical  orbit,  Jiving  the 
Sun  in  the  focus'  S.  Let  AP>  BD,  be  the  two  ages,  C  the 
ptptjre,  A  U|e  aphelion,  p  Uw  perihelion,  and  B,  J^  the 
two.  situations  of  rn^an  distance-  About  S  describe  the 
circle  BJ>$f.  Let  BJC  and  UN  be  very  small  equal  arches 
of  the  circle  and  (he  ellipse,  and  let  BE  be  on*  half  of  B& 
BM,  the  double  of  B  S,  is  the  deflective  chord  of  the 
circle  of  curvature  in  the  point  B  of  the  orbit,  and  BE  W 
one-fourth  of.  tltat  chord..  Therefore  the  velocity  in  B  is 
thai  which,  th$  force  in  B  wouW  geuera'B  by  wufofmly 
hnpeUingthc  planet  aleng  BK,  But  a  body  projected  .with 
this  velocity,  in  the  djwptipn  BK,  will  describe  the  Mole 
B£WD. 

The  arches  BK  and  BN  being  equal,  and:  described  with 
equal  velocities,  will  be  described  in  equal  times..  The 
triangles  B£S,  BNS,  having  equal  bases  BK  and  BN,  are 
proportional  to  their  altitudes  BS  and  BC  (for  tj*e  elemen- 
tary arch  B1H  may  be  considered .  as  coinciding  with  ton 
tangent  in  B,  and  BC  is  perpendicular  M  this  tangent)-, 
But,  because  B$  is,  equal  to  CA,  the.  area  of  dp  wde  BMXX 
is  to  that  of  the  ellipse  ABPD  as  AC  toBC,  that  is,  «B£ 
to  BC,  that  is,  as  the  triangle  B£S  to  the  triangle  BNS- 
These  triangles  are  therefor*  similar  portions  of  the  whole 
areas,  and  therefore,  since  they  are  described  in  equal  times, 
5 
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the  cscU  BMP  and  the  ellipse  ABPD  will  also  bo  dowrin- 

ed  in  equal  times. 

Thus  it  appears  that  Newton's  first  conjecture  was  per- 
fcflly  ju.*t.  For  if  the  planets,  instead  of  describing  their 
elliptical  orbits,  were  describing  drdes  at  the  same  distances, 
and  in  the  same  times,  they  would  do  U  by  the  influence 
of  the  same  forces.  Therefore  wnce,  in  this  case,  we 
should  have  f  *#  tf,  the  forces  will  be  proportional  to  d*  in- 
versely. 

807.  We  pow  see  that  the  forces  which  retain  the  difier- 
eat  planets  in  their  orbits  are  not  different  forces,  but  that 
ail  are  under  the  influence  of  one  force,  which  extends  from 
the  Sun  in  every  direction,  and  decreases  in  intensity  aa  the 
square  of  the  distance  from  the  Sun  increases.  The  inten- 
sity at  any  particular  distance  is  the  same,  in  whatever  di- 
rection the  distance  is  taken.  Although  the  planetary 
courses  do  not  depart  far  from  our  ecliptic,  the  influence  of 
the  regulating  force  is  by  no  means  confined  to  that  Qejgbr 
bourhood.  Comets  have  been  seen,  which  rise  almost  per* 
pendicular  to  the  ecliptic ;  and  their  orbits,  or  trajectories 
occupy  all  quwter&of  tbe.beavens. 

This  relation,  in  which  they  all  stand  to  the  8u»,  may 
justly  be  called  a  coeujioal  relation,  depending  on  their  m u~ 
tual  constitution, .  which  appears  taj  he  the  same  in  them  ajl, 
Aa  this  force  respeeta  the  Sun,  it  may ,  be  called  a  sot** 
rosea,  in  the  same  sense  as  we  use  the  term  magnetic*! 
tone.  AH  persona  vwafifected  by  peculiar  pbUoaopokal 
aptiflnsjwwpeive  tnagaetwiP  distinctly  enough  by  calling  it 
4ftnw#Qa.  For,  whatever  it  is,  its  effects  resemble  those 
of  attraction.  If  we  conceive  the  magnetical  phenomena  aa 
effertspf  a  tendency  toward  the  magnet,  inherent  in  the 
in**  we  may  eoncejve  the  planetary  oVneouana  aa  pro- 
duced in.  the  same  way  ;  but  this  also  indicates  a  sameness 
ia.  (be  constitution  of  all  the  planets.  Or  we  may  ascribe 
the  deflections  to  the  impulsions  or  pressure  of  en  aether ; 
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but  this  also  indicates  ■  ■nmiitfa  of  constitution  over  the 
whole  system. 

Thus,  whatever  notion  we  entertain  of  what  we  have 
called  a  solar  or  a  planetary  force  (and  the  observed  law  of 
action  limits  us  to  no  exclusive  manner  of  conceiving  it),  we 
see  a  power  of  nature,  whether  extrinsic,  like  the  action  of 
a  fluid,  or  intrinsic,  like  tendencies  or  attractions,  which  fit 
the  Sun  and  planets  for  a  particular  purpose,  giving  them 
a  cosmical  relation,  and  laws  of  action. 

208.  It  is  still  more  interesting  to  remark,  that  the  satel- 
lites observe  the  same  law  of  action.  For,  in  the  little 
systems  of  a  planet  and  its  satellites,  we  observe  the  same 
analogy  between  the  distances  and  periodic  times.  In 
short,  a  centripetal  force  in  the  inverse  duplicate  ratio  of 
the  distance  seems  to  be  the  bond  by  which  all  is  held  to- 
gether. 

809.  As  the  analogy  observed  by  Kepler  between  the 
distances  of  the  revolving  bodies  and  the  periods  of  then- 
revolutions,  led  Newton  to  the  discovery  of  the  law  of  plane- 
tary deflection ;  so,  this  law  being  established,  we  are  led 
to  the  second  and  third  fact  observed  by  Kepler  as  its  ne- 
cessary consequences.  It  appears,  that  the  periodic  time  of 
a  planet  under  the  influence  of  a  force  inversely  as  the 
square  of  the  distance,  depends  on  its  mean  distance  alone, 
and  will  be  the  same,  whether  the  planet  describe  a  circle 
or  an  ellipse  having  any  degree  whatever  of  eccentricity. 
This,  as  was  already  observed,  is  the  fifteenth  proposition 
of  the  first  book  of  Newton's  Principia.  Suppose  the  shorter 
axis  B  D  of  the  ellipse  A  B  P  D  (Fig.  19.)  to  diminish  con- 
tinually, the  longer  axis  A  F  remaining  the  name.  As  the 
extremity  B  of  the  invariable  line  B  S  moves  from  B  toward 
C,  the  extremity  S  will  move  toward  F,  and  when  B  coin- 
ddes  with  C,  S  will  coincide  with  F,  and  the  ellipse  is 
changed  into  a  straight  Jine  F  A,  whose  length  is  twice-  the 
mean  distance  SB. 

In  all  the  successive  ellipses  produced  by  this  gradual 
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diminution  of  C  B,  the  periodic  time  remains  unchanged- 
Just  before  the  perfect  coincidence  of  B  with  C,  the  ellipse 
may  be  conceived  as  undistinguishable  from  the  line  F  A. 
The  revolution  in  this  ellipse  is  undistinguishable  from  the 
ascent  of  the  body  from  the  perihelion  P  to  the  aphelion  A, 
and  the  subsequent  descent  from  A  to  P.  Therefore  a 
body  under  the  influence  of  the  central  force  will  descend 
from  A  to  P  in  half  the  time  of  the  revolution  in  the  ellipse 
ADPBA.  Therefore  the  time  of  descending  from  any 
distance  B  S  is  half  the  period  of  a  body  revolving  at  half 
that  distance  from  the  Sun.  By  such  means  we  can  tell 
the  time  in  which  any  planet  would  fall  to  the  Sun.  Mul- 
tiply the  half  of  the  time  of  a  revolution  by  the  square  root 
of  the  cube  of  £,  that  is,  by  the  square  root  of  } ;  the  pro- 
duct is  the  time  of  descent.  Or  divide  the  time  of  half  a 
revolution  by  the  square  root  of  the  cube  of  %  that  is,  by 
the  square  root  of  8,  that  is,  by  2,82847 ;  or,  which  is  the 
shortest  process,  multiply  the  time  of  a  revolution  by  the 
J  0,176776; 


d.    h. 
y  will  fall  to  the  Sun  in         •        -        15  13 

Vecu* 39  17 

The  Earth  64  10 

Mars 121     0 

Jupiter  .  .  -  -  290    0 

Saturn  -  -  -  -  798     0 

Georgian  planet  -  £406    0 

The  Moon  to  this  Earth  -  -  4    II 

Cor.  The  squares  of  the  tunes  of  falling  to  the  Sun  are 
m  the  cubes  of  the  distances  from  him. 

210.  So  for  did  Newton  proceed  in  hu  reasonings  from 
the  observations  of  Kepler.  But  there  remained  many 
important  questions  to  be  decided,  in  which  those  observa- 
tions offered  no  direct  help. 

It  appeared  improbable  that  the  solar  force  should  not 
affect  the  secondary  planets.     It  has  been  demonstrated 
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(14.)  that  if  a  body  F  revolve  round  another  body 
S,  describing  areas  proportional  to  the  time*,  while  S  re- 
volves round  some  other  body,  or  is  affected  by  some  ex- 
ternal force,  F  is  not  only  acted  on  by  a  central  force  di- 
rected to  S,  but  is  also  affected  by  every  accelerating  force 
which  acts  on  9. 

While,  therefore,  the  Moon  describes  areas  proportional 
to  the  times,  round  the  Earth,  it  is  not  only  deflected  to- 
ward the  Earth*  but  it  is  also  deflected  as  much  as  the 
Earth  is  toward  the  Sun.  For  the  Moon  accompanies  the 
Earth  in  all  its  motions.  The  same  thing-  must  be  affirmed 
concerning  the  satellites  attending  the  other  planets. 

And  thus  has  Newton  established  a  fourth  proposition, 
namely, 

The force  by  wkich  a  secondary  planet  w  made  to  accom~ 
pony  the  primary  in  Us  orbit  round  the  Sun  it  continually 
directed  to  the  Sun,  and  is  inversely  as  the  square  of  the 
distance  jroia  him.  For,  as  the  primary  changes  its  distance 
from  the  Sun,  the  force  by  which  it  is  retained  in  its  orbh 
varies  in  this  inverse  duplicate  ratio  of  the  distance.  There- 
fore , the  force  which  causes  the  secondary  planet  to  accom- 
pany its  primary  must  vary  in  the  same  proportion,  in  order 
to  produce  the  same  change  in  its  motion  that  if  produced 
in  that  of  the  primary.  And,  further,  since  the  force  which 
retains  Jupiter  ,in  bis  orbit  is  to  that  which  retains  the 
Earth  aa  the  square  of  the  Earth's  distance  is  to  that  of 
Jupiter's  distance,  the  forces  by  which  their  respective  sa- 
tellites are  made  to  accompany  them  must  vary  in  die  same 
pnaportioa. 

Thus  all  the  bodies  of  .the  solar  system;  are  continually 
uiged  by  a  force  dirwted  u>  the  Sunt  and  decreasing  as  the 
square  of  the  distance'  from  him  increases. 

211.  Nearton  lemnrked,  that  in  sitae  changes  of  motion 
observable  in  our  sublunary  world,  the  changes  in  the 
acting  bodies  are  equal  and  opposite.  In  all  impulsions, 
one  body  is  observed  to  lose  as  much  motion  as  the  other 
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gains.  All  inagnetieal  and  electrical  attractions  and  repui- 
aonfl  are  mutual.  Every  action  stems  ■  to  be  accompanied 
by  an  equal  reaction  in  the  opposite  direction,  He  even 
imagined  that  it  may  be -proved,  from  abstract,  principled, 
that  it  must  be  so.  He  therefore  affirmed,  that  ibis  law  ob- 
tained also  in  the  celestial  motions,  and' that  not  only  were 
the  planets  continually  impelled  toward  the  Son,  but  also 
that  the  Sim  was  impelled  toward  the  planets.  The  doubts 
which  may  be  entertained  concerning  the  authority  of*  this 
law  of  motion  have  been  noticed  already.  At  present;  we* 
are  to  notice  the  facts  which  the  celestial  motions  funrisb.  hi 
support  of  flg  Isaac  Newton's  assertion.  ' 

812.  Directions  have  been  giviln  (56.)  how  toosleulate1 
the  Son's  phase  for  any  given  moment  tV^enitbe  asb-o- 
nomem  hod  obtained  irfetrunents  of  nice  construction,  anci 
bad  improved  the  art  of  observing,  ihere  Was  found  an  hv 
Mgruarily  in  this  calculation,  which  had  an  evident  relation 
to  the  Moon;  At  new  Moon,,  the  observation  s  corresponded1 
esaetry  with  the  Sun's  oslculuted  place;  ■  but  seven  or  eight 
days  after,  the  Sun  is  observed  to  be  about  8*  or  !0*  to 
the  eastward  of  his  calculated  place,  when  the  Moon  is  in 
her  first  quadrature,  and  he  is  observer!  as  rnueh  to  the 
westward  when  she  is  in  the  hat  quadrature.  In  irrterme- 
diate  shnations,  the  error  is  observed  to  itlcrea»e  m  the  pro- 
portion of  the  ante  of  the  Moon's  distance  from  conjunction 
far  opposition. 

Things  must  be  SO,  if  it  be  true  that  'the  deflection  of  the 
Moon  toward  the  Earth  is  accompanied  with  an  equal  de- 
flection of  the  Earth  toward  the  Moon.  For  the  Moon 
will  not  revolve  round  the  Earth,  but  the  Earth  and 
Moon  will  revolve  round  their  cordmon  centre  of  position. 
When  the  Moon  is  in  her ftret  quadrature,  her  position  may 
be  represented  by  M  (Fig.  «0.)  while  the  Earth  is  at  E, 
and  then*  common  centre  is  at  A.  A  spectator  in  A  will 
aee  the  Sun  S  a*  bis  calculated  place  B.  But  the  specta- 
tor in  the  Earth  £  sees  the  Sun  in  C,  to  the1  left  hand,  or 
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eastward  of  B.    Theinterval  BC  measures  the  angle  BSC, 

orASE,  subtended  at  the  Sun  by  thedislaooe  EA  of  the 
common  centre  of  the  Earth  and  Moon  from  the  centre  of 
the  Earth.  At  new  Moon,  A,  E,  and  S,  are  in  a  straight 
line,  so  that  B  and  C  coincide.  At  the  hut  quadrature, 
the  Moon  is  at  m,  the  Earth  at  r ,  and  the  common  centre 
at  a.  Now  the  Sun  is  seen  at  c>  8*  or  10"  to  the  westward 
of  his  calculated  place.  This  correction  has  been  pointed 
out  by  Newton,  but  it  was  not  observed  at  the  first,  owing 
to  its  being  blended  with  the  Sun's  horizontal  parallax,  which 
had  not  been  taken  into  account.  But  it  was  soon  recog- 
nised, and  it  now  makes  an  article  among  the  various  equa- 
tions used  in  calculating  the  Sun's  place. 

Here,  then,  is  a  plain  proof  of  a  mutual  action  and  re> 
action  of  the  Earth  and  Moon.  For,  since  they  revolve 
round  a  common  centre,  the  Earth  is  unquestionably  de- 
flected into  the  curve  line  by  the  action  of  a  force  directed 
towards  the  Moon.  But  we  have  a  -much  better  proof. 
The  waters  of  the  ocean  are  observed  every  day  to  heap  up 
on  that  part  of  our  globe  which  is  under  the  Moon.  In 
this  situation,  the  weight  of  the  water  is  diminished  by  the 
attraction  of  the  Moon,  and  it  requires  a  greater  elevation, 
or  a  greater  quantity,  to  compensate  for  the  diminished 
weight  On  the  other  hand,  we  see  the  waters  abstracted 
from  all  those  parts  which  have  the  Moon  in  the  horizon. 
Kepler,  after  asserting,  in  very  positive  terms,  that  the 
Earth  and  Moon  would  run  together,  and  are  prevented  by 
a  mutual  circulation  round  their  common  centre,  adduces 
the  tides  as  a  proof. 

213.  As  the  art  of  observation  continued  to  improve, 
astronomers  were  able  to  remark  abundant  proofs  of  the 
tendency  of  the  Sun  toward  the  planets.  When  the  great 
planets  Jupiter  and  Saturn  are  in  quadrature  with  the 
Earth,  to  the  right  band  of  the  line  drawn  from  the  Earth 
to  the  Sun's  calculated  place,  (he  Sun  is  then  observed  to 
shift  to  the  left  of  that  line,  keeping  always  on  the  opposite 
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side  of  the  common  centre  of  position.  These  deviations 
are  indeed  very  minute,  because  the  Sun  is  vastly  more 
massive  than  all  the  planets  collected  into  one  lump.  But 
m  favourable  situations  of  these  planets,  they  are  perfectly 
sensible,  and  have  been  calculated ;  and  they  mutt  be  takes 
into  account  in  every  calculation  of  the  Sun's  place  in  order. 
to  have  it  with  the  accuracy  that  is  now  attainable.  It 
must  be  granted  that  this  accuracy,  actually  attained  by 
means  of  those  corrections,  and  ipiattaJnabh?  without  them* 
is  a  positive  proof  of  this  mutual  deflection  of  the  Sun  to- 
ward the  planets.  The  quantity  corresponding  to  one  planet 
is  too  small,  of  itself,  to  be  very  distinctly  observed;  but, 
by  occasionally  combining  with  others  of  the  same  kind, 
the  sum  becomes  very  senaible,  and  susceptible  of  measure. 
It  sometimes  amounts  to  88  seconds,  and  must  never  be 
omitted  m  the  calculations  subservient  to  the  finding  the-' 
longitude  of  a  ship  at.  sea.  Philosophy,  in  this  instance,  w 
greatly  indebted  to  the  arts.    And  she  has  liberally  repaid. 

814.  Here  it  is  worthy  of  remark,  that  had  the  Sun  been 
much  smaller  than  he  is,  so  that  he  would  have  moved 
much  further  from  the  common  centre,  and  would  have 
been  much  more  agitated  by  the  tendencies  to  the  different 
planets,  it  is  probable  that  we  never  should  have  acquired 
any  distinct  or  useful  knowledge  of  the  system.  For  we 
now  see  that  Kepler's  laws  cannot  be  strictly  true;  yet  it 
was  those  laws  alone  that  suggested  the  thought,  and  fur- 
nished to  young  Newton  the  means  of  investigation.  The 
analogy  of  the  periodic  times  and  distances  is  accurate,  only! 
with  respect  to  the  common  centre,  but  not  with  respect  to- 
the  Sun,  But  the  great  mass  of  the  Sun  occasions  mis 
connnoo  centre  to  be  generally  within  his  surface,  and  it  is- 
never  distant  from  it  one-fourth  of  his  diameter.  Therefore 
this  third  law  of  Kepler  is  so  nearly  exact  in  respect  of  the. 
Sun,  that  the  art  of  observation,  in  Newton's  lifetime,  could 
not  have  found  any  errors.     The  penetrating  eye  of  New- 
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too  however  immediately  perceived  his  own  good  fortune, 
and  hia  error  in  supposing  Kepler's  laws  accurately  true. 
Bui  tliis  mu  not  enough  for  his  philosophy ;  be  was  deter- 
mined  that  it  should  narrate  nothing  bat  truth.  With 
greet  ingenuity,  end  elegance  of  method,  lw  demonstrates 
that  his  mechanics)  inference*  ftwn  Kepler's  laws  are  still 
Mtrictlyi  true,  and  that  his  own  law  of  planetary  fore*  it  eiacty 
although  the  centre  of  ■  rerohjtion  it  not  the  centre  of  the 
Sun.  All  the  difference  respects  the  absolute  magnitude  of 
thd  periodic  (imes  in  relation  to  the  magnitude  of  the  force. 
This  he  demonstrate*  in  a  aerie*  of  propositions,  of  which: 
wB  have  giren  the  chief, 

Hit.  Newton  proceeds  still  further  in  his  investigation  of 
the  extent  of  the  influence  of  this  planetary  force,  and  says 
that  ail  the  pianett  wcHutfMj  fcftid  toward  esch  othtr.  It 
dots  not  ujtpaar  how  this  opinion  arose  in  his  mind.  There 
(We-  abundance  of  phenomena,  however,  of  easy  ebati  vathitiy 
which  make  it  very  evident.'  It  Wat  probably  a  conjecture, 
suggested  by  observing  this  reciprocal  action  between  the 
Earth  and  Moon.  But  be  immediately  followed  it  into  its 
consequences,  and  pointed  them  out  to  the  astronomers. 
They  ore'  very  important,  and  explain  nuufy  phenomena 
which  had  hitherto  greatly  perplexed  the  astronomers. 

'  Suppose  Jupiter  and  Mors  to  be  in  conjunction,  lying  in 
the  same  Hoe  from  the  Sun.  As  Mars  revolves  much 
(pucker  than  .Inphcr,  he  gets  before  him,  but,  being  at- 
tracted by  Jopiter,  his  motion  is  retarded— and  Jupiter, 
being  attracted  by  Mars,  is  accelerated.  On  the  contrary i 
before  Mars  arrives  at  conjunction  with  Jopiter,  Man  hi 
accelerated,  and  Jupiter  is  retarded.  Further,  the  attraction 
of  Mara  by  Jupiter  must  dimmish  the  tendency  of  Mars  to 
the  Sun,  or  must  act  in  opposition  to  the  attraction  of  the 
Sun  ;  therefore  the  curvature  of  Man's  orbit  in  that  phtce 
must  be  diminished.  On  the  contrary,  the  tendency  of 
Jupiter  to  Mars,  acting  in  the  same  direction  as  his  ten- 
dency to  the  Sun,  must  increase  the  curvature  of  that  part 


ibvGpogle 


KDTDAt  ACtrON  OF  TW  StTN,  &C.  113 

of  Jupiter's  orbit  If  Jupiter  be  at  this  time  advancing  to 
his  aphelion,  this  increase  of  curvature  will  sooner  bend  the 
line  of  bib  motion  from  an  obtuse  into  a  right  angle  with 
the  radius  vector.  ■  Therefore  his  aphelion  will  be  sooner 
attained,  and  it  will  appear  to  have  shifted  to  the  westward. 
For  the  opposite  reasons,  the  apsides  of  Mars  will  seem  to 
shift  to  the  eastward.  There  are  other  situations  of  these 
planets  where  the  contrary  effects  will  happen.  In  each 
revolution,  each  planet  will  be  alternately  accelerated  twice, 
and  twice  retarded,  and  the  apsides  of  the  exterior  planet 
will  continually  recede,  and  that  of  the  interior  will  ad- 
vance. It  is  obvious  that  this  disturbance  of  the  motion  of 
a  planet  by  its  deflection  to  another,  though  probably  very 
minute,  yet  bang  continued  for  a  tract  of  time,  its  accumu- 
lated remit  may  become  very  sensible.  These  changes  are 
all  susceptible  of  accurate  calculation,  as  we  shall  afterwards 
explain  particularly. 

This  most  be  considered  as  a  convincing  proof  of  the 
mutual  action  of  the  heavenly  bodies,  and  it  adds  fresh 
lustre  to  tile  penetration  and  genius  of  Newton,  who  made 
these  assertions  independent  of  observation,  pointing  out  to 
astronomers  the  sure  means  of  perfecting  their  knowledge 
of  the  celestial  motions. 

Sift*.  Here  therefore  we  have  established  a  fifth  proposi- 
tion in  physical  astronomy,  namely,  that  that  all  the  bodies 
•m  the  solar  si/Hem  tend  mutually  toward  one  another,  with 
Jbreet  which  vary  in  the  invene  duplicate  ratio  of  the  dig- 
it did  not  satisfy  Newton  that  he  merely  pointed  out  the 
gross  effect  of  this  mutual  tendency.  He  gave  astronomers 
the  means  of  investigating  and  ascertaining  its  intensity, 
and  Ha  variation  by  a  variation  of  distance.  The  effect  of 
the  Earth's  tendency  to  Jupiter  during  any  length  of  time, 
may  be  computed  by  .means  of  Newton's  dynamical  propo- 
sitions, contained  in  the  first  book  of  his  Principia,  particu- 
Yol.  III.  H 
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larly  by  the  39th.     Of  these  we  have  given  a  proper  selec- 
tion in  the  general  doctrines  of  Dynamics. 

217.  But  the  inquisitive  mind  of  Newton  did  not  stop 
here.  He  was  anxious  to  learn  whether  this  planetary  ten- 
dency had  any  resemblance  or  relation  to  forces  with  which 
we  are  more  familiarly  acquainted.  Of  this  kind  are  mag- 
netism and  gravity.  He  was  the  more  incited  to  this  inves- 
tigation by  the  conjectures  on  this  subject  which  had  arisen 
in  the  mind  of  Kepler.  This  great  astronomer  had  been 
much  taken  with  the  discovery  just  published  by  Dr  Gil- 
bert of  Colchester, ,  staling  that  this  Earth  is  a  great  mag- 
net, and  he  was  disposed  to  ascribe  the  revolution  of  the 
Moon  to  the  magnetical  influence  of  the  Earth.  It  appears 
from  Newton's  papers,  that  he  had  made  a  great  many  ex- 
periments for  discovering  the  law  of  magnetic  action.  But 
he  had  found  it  so  dependant  on  circumstances  of  form  and 
situation,  and  so  changeable  by  time,  that  it  seemed  suscep- 
tible of  no  comparison  with  the  solar  force  ;  and  he  soon 
gave  it  up.  He  was  more  successful  in  tracing  the  resem- 
blances observable  in  the  phenomena  of  common  gravity. 
It  has  been  already  remarked  (197-)  that,  very  early  in 
life,  he  bad  conjectured  that  it  was  the  same- with  the  solar 
force,  and  that  after  he  had  formed  the  opinion  that  the 
solar  force  varied  in  the  inverse  duplicate  ratio  of  the  dis- 
tance, he  put  his  conjecture  to  the  test,  by  comparing  the 
fall  of  a  stone  with  the  deflection  of  the  Moon.  The  dis- 
tance of  the  Moon  is  estimated  to  be  60  semidiameters  of 
the  Earth.  Therefore,  if  gravity  and  the  lunar  deflecting 
force  be  the  same,  the  stone  should  deflect  as  much  in  one 
second  as  the  Moon  does  in  a  minute.  For  we  may,  with- 
out any  sensible  error,  suppose  that  the  lunar  force  acts 
uniformly  during  one  minute.  If  so,  the  linear  deflections 
must  be  as  the  squares  of  the  times.  *  The  deflection  in  a 
minute  must  be  60  X  60  times,  or  3600  times  the  deflec- 
tion in  a  second.  But,  according  to  the  law  of  planetary 
force,  the  deflection  at  the  Earth's  surface  must  be  60  X  60, 
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or  8600  times  the  deflection  at  the  Moon.  Now,  in  a 
second,  a  stone  falls  16  feet  and  an  inch.  Therefore  the 
Moon  should  deflect  16  feet  and  an  inch  in  a  minute  from 
the  tangent  of  her  orbit.  Newton  calculated  the  versed 
me  of  the  arch  described  by  the  Moon  in  a  minute,  to  a 
radius  equal  to  60  semidiameters  of  the  Earth.  He  found 
it  only  about  13£  feet,  and  be  gave  over  any  farther  in- 
quiry. But  he  had  hastily  supposed  a  degree  to  contain 
60  miles,  not  attending  to  the  difference  between  a  geogra- 
phical mile  or  60th  of  a  degree,  and  an  English  statute 
mile.  A  degree  contains  69  such  miles ;  so  that  he  had 
made  the  Moon's  orbit,  and  consequently  her  deflection,  too 
small  in  the  seme  proportion.  If  we  increase  the  calcu- 
lated deflection  in  this  proportion,  it  comes  out  exactly 
16V,;  and.  the  conjecture  is  fully  established. 

When  Picard's  accurate  measure  of  the  Earth  had  enabled 
Newton  to  confirm  his  former  conjecture  concerning  the 
identity  of  the  planetary  force  and  terrestrial  gravity,  he 
again  made  the  calculation  and  comparison  in  the  most 
scrupulous  manner.  For  we  now  see  that  several  circum- 
stances must  be  taken  into  the  account,  which  he  had 
omitted  in  his  first  computation  from  Picard's  measure  of 
the  Earth.  The  fall  in  a  second  is  not  the  exact  measure 
of  terrestrial  gravity.  A  stone  would  fall  farther,  were  it 
not  that  its  gravity  is  diminished  by  the  Earth's  rotation. 
It  is  also  diminished  by  the  action  of  the  Sun  and  Moon, 
and  by  the  weight  of  the  air  which  the  stone  displaces. 
AH  these  diminutions  of  the  accelerating  force  of  gravity 
are  susceptible  of  exact  calculation',  and  were  accordingly 
calculated  by  Newton,  and  the  amount  added  to  the  ob- 
served acceleration  of  a  falling  body.  In  the  next  place, 
the  real  radius  of  the  Moon's  orbit  must  be  reckoned  only 
from  the  common  centre  of  the  Earth  and  Moon.  And 
then  the  force  deduced  from  this  deflection  must  be  increas- 
ed in  the  subduplicate  ratio  of  the  matter  in  the  Earth 
to  the  matter  in   the  Earth  and   Moon   added  together 
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All  this  has  been  done,  and  the  result  coincides  precisely 
with  observation. 

This  may  be  demonstrated  in  another  way.  We  can 
tell  in  what  time  a  body  would  revolve  round  the  Earth, 
close  to  its  surface.  For  we  must  have  f*  proportional  to 
<P.  It  will  be  found  to  be  84  minutes  and  34  seconds. 
Then  we  know  the  arch  described  in  one  second,  and  can 
calculate  its  deflection  from  the  tangent.  We  shall  find 
-it  167,  *«*»  tBe  eaxae  with  that  produced  by  common 
gravity. 

218.  Terrestrial  gravity,  therefore,  or  thatjbrce  which 
causes  bodies  toJhU,  or  to  press  on  their  supports,  is  only  a 
particular  example  of  that  universal  tendency,  by  which  all 
the  bodies  of  the  solar  system  are  retained  in  their  orbits. 

We  must  now  extend  to  those  bodies  the  other  symp- 
toms of  common  gravity.  It  is  by  gravity  that  water  ar- 
ranges itself  into  a  level  surface ;  that  is,  a  surface  which 
makes  a  part  of  the  great  sphere  of  the  ocean.  The  weight 
of  this  water  keeps  it  together  in  a  round  form.  We  must 
ascribe  the  globular  forms  of  the  Sun  and  planets  to  a  si- 
milar operation.  A  body  on  their  surface  will  press  it  as 
a  heavy  body  presses  the  ground.  Dr  Hooke  remarks,  that 
all  the  protuberances  on  the  surface  of  the  Moon,  are  of 
forms  consistent  with  a  gravity  toward  its  centre.  They 
are  generally  sloping,  and,  though  in  some  places  very 
rugged  and  precipitous,  yet  nowhere  overhang,  or  have  any 
shape  .that  would  not  stand  on  the  ground.  The  metre  ■ 
rugged  parts  are  most  evidently  matter  which  has  been 
thrown  up  by  volcanic  explosion,  and  have  fallen  down 
again  by  their  lunar  gravity. 

219.  That  property  by  which  bodies  are  heavy  is  called 
gbavity,  heaviness — the  being  heavy ;  and  tiiejhct  that 
it  moves  toward  the  Earth,  may  be  called  gravitation. 
While  it  falls,  or  presses  on  its  supports,  it  may  be  said  to 
gravitate,  to  give  indication  of  its  being  gravis  or  heavy. 
In  this  sense  the  planets  gravitate  to  the  Sun,  and  the  se- 
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condary*  planets  to  their  primaries;  and,  in  short,  every 
body  in  the  solar  system  to  every  other  body.  By  the  verb 
to  gravitate,  nothing  is  meant  but  the  fact,  that  they  either 
actually  approach,  or  manifest,  by  a  very  sensible  pressure, 
tendencies  to  approach  the  body  to  which  they  are  said  to 
gravitate.  The  verb,  or  the  noun,  should  not  be  'consider- 
ed as  the  expression  of  any  quality  or  property,  but  merely 
of  a  phenomenon,  a  fact  or  event  in  nature. 

320.  But  tins  deviation  from  uniform  rectilineal  motion 
is  considered  as  an  effect,  and  it  is  of  importance  to  discover 
the  came.  Now,  in  the  most  familiar  instance,  the  fall  or 
pressure  of  a  heavy  body,  we  ascribe  the  fall,  or  pressure 
indicating  the  tendency  to  fall,  to  its  heaviness.  But  we  have 
no  other  notion  of  this  heaviness  than  the  very  thing  which 
we  ascribe  to  it  as  an  effect  The  feeling  the  heaviness  of 
the  piece  of  lead  that  lies  in  our  hand,  is  the  nun  of  aS  that 
we  know  about  it.  But  we  consider  this  heaviness  as  a  pro- 
perly of  all  terrestrial  matter,  because  all  bodies  give  some 
of  those  appearances  which  we  consider  as  indications  of  it. 
AD  move  toward  the  Earth  if  not  supported,  and  all  press 
on  the  support  The  feeling  of  pressure  winch  a  heavy 
body  excites  might  be  considered  as  its  characteristic  phe- 
nomenon ;  for  it  is  this  feeling  that  makes  us  think  it  a 
force  we  must  oppose  our  force  to  it ;  but  we  cannot  dis- 
tinguish it  from  the  feeling  of  any  other  equal  pressure.  It 
is  most  distinguishable  as  the  cause  of  motion,  as  a  moving 
or  accelerating  force.  In  slant,  we  know  nothing  of  gravity 
but  the  phenomena,  which  we  consider,  not  as  gravity,  but 
as  its  indication.  It  is,  like  every  other  force— an  unknown 
quality. 

Theweightof  a  body  should  be  distinguished  from  its 
gravity  or  heaviness,  and  the  term  should  be  reserved  for 
expressing  the  measure  of  the  united  gravitation  of  all  the 
matter  in  the  body.  This  is  indeed  the  proper  sense  of  the 
term  weight — pondw.  In  ordinary  business,  we  measure 
the  weights  of  bodies  by  means  of  known  mots  of  weight 
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A  piece  of  lead  Is  said  to  be  of  twenty  pounds  weight  when 
it  balances  twenty  pieces  of  matter,  each  of  which  is  a 
pound ;  but  we  frequently  measure  it  by  means  of  other 
pressures,  as  when  we  judge  of  it  by  the  division  to  which 
it  draws  the  scale  of  a  spring  steelyard. 

8£^.  We  estimate  the  quantity  of  matter  in  a  body  by 
its  weight,  and  say  that  there  is  nineteen  times  as  much 
matter  in  a  cubic  foot  of  gold  as  there  is  in  a  cubic  foot  of 
water.  This  evidently  presupposes  that  all  matter  u  heavy, 
and  equally  heavy— that,  every  primitive  atom  of  matter  is 
equally  heavy.  But  this  seems  to  be  more  than  we  are  en- 
titled to  say,  without  some  positive  proof.  There  is  nothing 
inconceivable  or  absurd  in  supposing  one  atom  to  be  twice 
or  thrice  as  heavy  as  another.  As  gravity  is  a  contingent 
quality  of  matter,  its  absolute  strength  or  force  is  also  con- 
tingent and  arbitrary.  We  can  conceive  an  atom  to  have 
no  weight  Nay,  we  can  as  clearly  conceive  an  atom  of 
matter  to  be  endowed  with  a  tendency  upwards  as  with  a 
tendency  downwards.  Accordingly,  during  the  prevalence 
of  the  Stablian  doctrine  of  combustion,  that  matter  which 
imparts  inflammability  to  bodies  was  supposed  to  be  not 
only  without  weight,  but  positively  light,  and  to  diminish 
the  weight  of  the  other  ingredients  with  which  it  was  com- 
bined in  a  combustible  body.  In  this'  way,  the  abettors  of 
that  doctrine  accounted  for  the  increase  of  weight  obser- 
vable when  a  body  is  burnt 

There  is  nothing  absurd  or  unreasonable  in  all  this ;  and 
had  we  no  other  indication  of  gravity  but  its  pressure,  we 
do  not  see  how  this  question  can  be  decided.  But  gravity 
is  not  only  a  pressing  power,  but  also  a  moving  or  accele- 
rating power.  If  a  body  consisted  of  a  thousand  atoms  of 
gravitating  matter,  and  as  many  atoms  of  matter  which 
does  not  gravitate,  and  if  the  gravity  of  each  atom  exerted 
the  pressure  of  one  grain,  this  body  would  weigh  a  thou- 
sand grains,  cither  by  a  balance'or  a  spring  «teelyard,  yet 
it  contains  two  thousand  atoms  of  matter.    But  take  ano- 
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ther  body  of  the  same  weight,  but  consisting  wholly  of  gra- 
vitating atoms;  drop  these  two  bodies  at  once  from  the 
hand — the  last  mentioned  will  fall  16  feet  in  the  first  se- 
cond— the  other  will  fall  only  8  feet  '  For  in  both  there  is 
the  same  moving  force;  therefore  the  same  quantity  of 
motion  will  be  produced  in  both  bodies;  that  is,  the  pro- 
ducts of  the  quantities  of  matter  by  the  velocities  generated 
will  be  the  same.  Therefore  the  velocity  acquired  by  the 
mixed  body  will  be  one  half  of  that  acquired  in  the  same 
time  by  the  simple  body.  The  phenomenon  wilt  be  what 
was  asserted,  one  will  fall  16  and  the  other  only  8  feet 

This  will  be  still  more  forcibly  conceived,  if  we  take  two 
bodies  a  and  b,  each  containing  1000  atoms  of  gravitating 
matter,  and  attach  a  to  another  body  c,  containing  1000 
atoms  which  do  not  gravitate.  Now,  unless  we  suppose  c 
moveable  and  arrestable  by  a  thought  or  a  word,  we  can 
have  no  hesitation  in  saying,  that  the  mass  a  +  c  will  fall 
with  half  the  velocity  of  6. 

We  see  therefore  that  the  accelerating  power  alone  of 
gravity  enables  us  to  decide  the  question,  *  whether  all  ter- 
restrial matter  gravitates,'  and  gravitates  alike.  We  have 
only  to  try  whether  all  terrestrial  bodies  fall  equally  far  in 
the  same  time,  or  receive  an  equal  increment  of  velocity  in 
the  same  time.  This  test  of  the  matter  did  not  escape  the 
penetrating  genius  of  young  Newton.  He  made  experi- 
ments on  every  kind  of  substance,  metals,  stones,  woods, 
grain,  salts,  animal  substances,  &c  and  made  them  in  a  way 
susceptible  of  the  utmost  accuracy,  as  we  shall  see  after- 
wards. The  result  was,  that  all  these  substances  were 
equally  accelerated ;  and,  on  this  authority,  Newton  thought 
himself  entitled  to  say  that  all  terrestrial  matter  is 

EQUALLY  HEAVY. 

This  however  may  be  disputed.  For  it  is  plain,  that  if 
all  bodies  contain  on  equal  proportion  of  gravitating  and 
nor  gravitating  matter,  they  will  be  equally  accelerated ; 
nay,  the  unequal  gravitation  of  different  substances,  and 
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even  positive  levity,  may  be  so  compensated  by  the  pro- 
portion of  those  different  kinds  of  matter,  that  the  total 
gravitation  may  still  be  proportional  to  the  whole  quantity 
of  matter. 

But,  till  we  bare  some  authority  for  saying  that  there  ia 
a  difference  in  the  gravitation  of  different  atoms,  the  just 
rules  of  philosophical  discussion  oblige  us  to  believe  that  all 
gravitate  alike.  This  is  corroborated  by  the  universality 
of  the  law  of  mutual  and  equal  reaction.  This  is  next  to 
demonstration,  that  the  primitive  atoms  are  alike  in  every 
respect,  and  therefore  in  their  gravitation. 

We  are  entitled  therefore  to  say,  that  all  terrestrial  matter 
is  equally  heavy,  and  that  the  weight  of  a  body  is  the  mea- 
sure of  the  united  gravitation  of  every  atom,  and  therefore 
is  a  measure  of,  or  is  proportional  to,  the  quantity  of  mas- 
ter contained  in  it. 

182.  Newton  naturally,  and  justly,  extended  the  affirma- 
tion to  the  planets  and  to  the  Sun.  But  here  arises  a 
question,  at  once  nice  and  important.  The  law  of  gravita- 
tion, s»  often  mentioned,  is  exhibited  in  the  mutual  deflec- 
tions of  great  masses  of  matter.  These  deflections  axe  in 
the  inverse  duplicate  ratio  of  the  ^■'■■w™  between  the 
centres  of  the  masses.  Are  we  warranted  by  this  observa- 
tion to  say,  that  this  is  abo  the  law  of  action  between  every 
atom  of  one  body  and  every  atom  of  another  P  Can  we  any 
in  general  that  the  law  of  corpuscular  action  is  the  tame 
with  that  of  masses,  resulting  from  the  combined  action  of 
each  atom  on  each  ?  We  are  assured  by  experience  that  it 
is  not  For  we  observe  that,  in  magnets,  the  law  of  action 
(that  is,  the  relation  subsisting  between  the  distances  and 
the  intensities  of  force)  is  different  in  almost  every  different 
magnet,  and  seems  to  depend  in  a  great  measure  on  their 
form.  « 

Newton  was  too  cautious,  and  too  good  a  logician,  to 
advance  such  a  proposition  without  proof;  and  therefore, 
toafinJDg  himself  to  the  single  esse  of  sperical  and  snbemdW 
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bodies,  the  forms  in  which  we  observe  the  planetary  I— 
to  be  compacted,  he  inquired  what  sensible  action  between 
die  masses  will  result  from  an  action  between  their  par- 
ticles inversely  proportional  to  the  square  of  their  distances. 

Let  ALBM,  albm  (Fig.  SI.)  be  two  spherical  sur- 
faces, of  which  C  is  the  common  centre,  and  let  the  space 
between  them  be  filled  with  gravitating  matter,  uniformly 
dense.  Let  p  be  a  particle  placed  any  where  within  this 
spherical  shell,  to  every  particle  of  which  it  gravitates  with 
a  fbcce  inversely  as  the  square  of  its  distance  from  it.  This 
particle  will  have  no  tendency  to  move  in  any  direction, 
because  its  gravitation  in  any  one  direction  is  exactly  bal- 
anced by  an  equal  gravitation  in  the  opposite  direction. 

Draw  through  p  the  two  straight  Hnes  dp  i,  ept,  mak- 
ing a  very  small  angle  at  p.  This  may  represent  the  sec- 
tion of  a  very  slender  double  cone  dpe,  *j>i,  having  p 
for  the  common  vertex,  and  de,  It  tor  the  diameters  of 
the  circular  bases.  The  gravitation  of  p  to  the  matter  is 
the  base  dt  is  equal  to  its  gravitation  to  the  matter  in  the 
base  l«.  For  die' number  of  particles  in  dt  is  to  the  num- 
ber in  it  as  the  surface  of  the  base  de  to  that  of  the  base 
i.,  that  in,  as  de*  to  >'*,  that  is,  as  pd'  to  p¥,  that  is,  as 
the  gravitation  to  a  particle  in  It  to  the  gravitation  to  a 
particle  in  de.  Therefore  the  whole  gravitation  to  the 
matter  in  de  is  the  same  with  the  whole  gravitation  to  the 
matter  in  l. — since  it  is  also  in  the  opposite  direction,  the 
particle  p  is  in  equilibrio.  The  same  thing  may  be  de- 
monstrated of  the  gravitation  to  the  matter  in  q  r  and  *  t, 
and,  in  like  manner,  ef  the  gravitation  to  the  matter  in  the 
sections  of  the  cones  dpe,  jd*  by  any  other  concentric  ajn> 
face.  Consequently,  the  gravitation  to  the  whole  matter 
contained  iu  the  sosd  dqre  is  equal  to  the  gravitation  to 
the  whose  matter  in  the  sofa)  It » .,  and  the  particle  ^  is  still 


Now,  since,  the  hoes  dp ,,  ep  1  may  be  drawn  in  any  di- 
rection, and  thus  be  made  to  occupy  dm  whole  sphere,  it  it 
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evident  that  die  gravitation  of  p  is  balanced  in  every  direc- 
tion, and  therefore  it  has  no  tendency  to  move  in  any  direc- 
tion in  consequence  of  this  gravitation  to  the  spherical  shell 
of  matter  comprehended  between  the  surfaces  ALDM 
and  albtn. 

It  is  also  evident,  that  this  holds  true  with  respect  to  all 
the  matter  comprehended  between  ALBM  and  the  con- 
centric surface  pvn  passing  through  p ;  in  short,  p  is  in 
equilibrio  in  its  gravitation  to  all  the  matter  more  remote 
than  itself  from  the  centre  of  the  sphere,  and  appears  as  if 
it  did  not  gravitate  at  all  to  any  matter  more  remote  from 
the  centre. 

223.  We  have  supposed  the  spherical  shell  to  be  uni- 
formly dense.  But  p  will  still  be  in  equilibrio,  although 
the  shell  be  made  up  of  concentric  strata  of  different  den- 
sity,  provided  that  each  stratum  be  uniformly  dense.  For 
should  we  suppose,  that,  in  the  space  comprehended  be- 
tween ALBM  aadpni',  there  occurs  a  surface  a  I b m 
of  a  different  density  from  all  the  rest,  the  gravitation  to' 
the  intercepted  portions  q  r  and  a  t  are  equal,  because  these 
portions  are  of  equal  density,  and  are  proportional  to  p  g' 
and  p  s*  inversely.  The  proposition  may  -therefore  be 
expressed  in  the  following  very  general  terms :  *  A  particle. 
'  placed  any  where  within  a  spherical  shell  of  gravitating 
'  matter,  of  equal  density  at  all  equal  distances  from  ike 
1  centre,  will  be  in  equilibrio,  and  will  have  no  tendency 
'  to  move  in  any  direction.'' 

Remark. — The  equality  of  the  gravitation  to  tbe  surface 
ed  and  to  the  surface  ,i  is  affirmed,  because  the  numbers 
of  particles  in  the  two  surfaces  are  inversely  as  the  gravi- 
tations towards  one  in  each.  For  the  very  same  reason, 
tile  gravitations  to  tbe  surfaces  ed,  and  qr,  and  is,  are  all 
equal.  Hence  may  be  derived  an  elementary  proposition, 
which  is  of  great  use  in  all  inquiries  of  this  kind,  namely, 

32*.  If  a  cone  or  pyramid  dp  «,  of  uniform  gravitating 
matter,  be . divided  by  parallel  sections,  de,  qr,  he.  the 
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gravitation  of  a  particle  p  in  the  vertex  to  each  of  those 
sections  is  the  same,  and  the  gravitations  to  the  solids 
pqr,pde,  qder,  &c.  are  proportional  to  their  lengths 
pq,  pd,  qd,  &c-  The  first  part  of  this  proposition  is  al- 
ready demonstrated.  Now,  conceive  the  cone  to  he  thus 
divided  into  innumerable  slices  of  equal  thickness.  It  is 
plain,  that  the  gravitation  to  each  of  these  is  the  same,  and 
therefore  the  gravitation  to  the  solid  q  p  r  is  to  the  gravita- 
tion to  the  solid  qder  as  the  number  of  slices  in  the  first 
to  the  number  in  the  second,  that  is,  as  p  y,  the  length  of 
the  first,  to  q  d,  the  length  of  the  second. 

The  cone  dpe  was  supposed  extremely  slender.  This 
was  not  necessary  for  the  demonstration  of  the  particular 
case,  where  all  the  sections  were  parallel.  But  in  this  ele- 
mentary proposition,  the  angle  at  p  is  supposed  smaller 
than  any  assigned  angle,  that  the  cone  or  pyramid  may  be 
considered  as  one  of  the  elements  into  which  we  may  re- 
solve a  body  of  any  form.  In  this  resolution,  the  bases 
are  supposed,  if  not  otherwise  expressly  stated,  to  be  par- 
allel, and  perpendicular  to  the  axes ;  indeed  they  are  sup- 
posed to  be  portions  xr,  ye,  z;  &c.  of  spherical  surfaces, 
having  their  centres  in  p.  The  small  portions  x  r  q,  yed, 
»«',  &c.  are  held  as  insignificant,  vanishing  in  the  ultimate 
ratios  of  the  whole  solids. 

It  is  easy,  also,  to  see,  that  the  equilibrium  of  p  is  not 
limited  to  the  case  of  a  spherical  shell,  but  will  hold  true 
of  any  body  composed  of  parallel  strata,  or  strata  so  formed 
that  the  lines  pd,  p*  are  cut  in  the  same  proportion  by 
the  sections  i  e,  q  r,  &c  In  a  spheroidal  shell,  for  exam- 
ple, whose  inner  and  outer  surfaces  are  similar,  and  simi- 
larly posited  spheroids,  the  particle  p  will  be  in  equilibrio 
any  where  within  it,  because,  in  this  case,  the  lines/?  j  and 
nr  are  equal;  so  are  the  lines  p*  and  od,  the  lines  ti  and 
r  e,  the  tines  s  «  and  o  d,  &c.  In  most  cases,  however, 
there  is  but  one  situation  of  the  particle  p  that  will  ensure 
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this  equilibrium.  But  we  may,  at  the  same  time,  infer  the 
fallowing  very  useful  proposition. 

235.  If  there  be  two  solids  perfectly  similar,  and  of  the 
same  vmfbrm  density,  the  gravitation  to  each  of  these  so- 
lids, bo  a  particle  similarly  placed  on  or  in  ±*ch,  is  propor- 
tional to  any  homologous  lines  of  the  solids. 

For,  the  solids  being  similar,  they  may  be  resolved  into 
the  same  number  of  similar  pyramids  similarly  placed  in 
the  soads.  The  gravitation*  to  each  of  any  corresponding 
pair  of  pyramids  are'  proportional  to  the  lengths  of  those, 
pyramids.  These  lengths  have  the  same  proportion  in 
every  corresponding  pair.  Therefore  the  absolute  gravi- 
tations to  the  whole  pyramids  of  one  solid  has  the  same 
ratio  to  the  absolute  gravitation  to  the  whole  pyramids  of 
the  other  sohd.  And,  since  the  solids  are  similar,  and  the 
particles  are  at  the  similarly  placed  vertexes  of  all  the  sum- 
lar  and  similarly  placed  pyramids,  the  gravitation  com- 
pounded of  the  absolute  gravitations  to  the  pyramids  of 
one  solid  has  the  same  ratio  to -the  gravitation  similarly 
compounded  of  the  absolute  gravitations  to  the  pyramids 
of  the  other. 

886.  The  gravitation  of  an  external  particle  to  a  sphe- 
rical surface,  shell,  or  entire  sphere,  which  is  equally  dense 
at  aU  equal  distances  from  the  centre,  is  the  same  at  if  the 
whole  matter  were  collected  in  its  centre. 

Let  A  L  B  M  (Fig.  21.)  represent  such  a  sphere,  and 
let  P  be  the  external  particle.  Draw  PACB  through 
the  centre  C  of  the  sphere,  and  cross  it  by  L  C  M  at  right 
angles.  Draw  two  right  line*  FD,  P  E,  containing  a  very 
small  angle  at  P,  and  cutting  the  great  circle  ALBM  in 
D,  E,  Dr,  E'.  Aboat  Pas  a  centre,  with  the  distance 
PC,  describe  the  arch  C dm,  cutting  DF  in  d,  and  E  P 
in  e.  About  the  same  centre  describe  the  arc  DO.  Draw 
dP,«G  parallel  to  AB,  and  cutting  LC  in /and  g- 
Draw  CE  perpendicular  to  PD,  and  dH,  D>,  and 
FIs  perpendicular  to  A  B.    Join  CD  and  CF. 
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Now,  let  tie  figure  be  auppoaed  to  tun  round  the  axis 
P  B.  The  seraiciiciimferencc  ALB  will  generate  a  com- 
plete spherical  surface.  The  arch  C  dm  will  generate  an- 
other spherical  surface,  having  P  for  its  centra.  The  small 
arches  DE,  de,  F  G  will  generate  rings  or  zones  of  those 
spherical  surfaces.  1)  0  will  also  generate  a  zone  of  a  sur- 
face, having  P  for  its  centre :  fg  and  F I  will  generate 
kxks  of  flat  circular  surfaces. 

It  is  evident,  that  the  zones  generated  by  D  E  and  SO 
(which  we  may  call  the  zones  D  E  and  D  0),  having  the 
me  radius  D  i,  are  to  each  other  as  their  respective 
breadths  D  E  and  D  O.  In  like  manner,  the  zones  gen. 
anted  by  tie,  fg,  F  I,  F  G,  being  all  at  the  same  die. 
tsaoe  from  the  axis  A  B,  are  also  as  their  respective 
breadths  d  e,  fg,  F  I,  F  G.  But  the  zone  DO  is* to  the 
■oat  it  as  P  D'  to  P  d1.  For  D  O  is  to  de  as  P  D  to 
P  dj  and  the  radius  of  rotation  D  J  is  to  the  radius  d  H, 
abo  as  PD  toPi  The  circuroferenoes  described  by 
DO  and  de  are  therefore  in  the  same  proportion  of  P  D  to 
P  d.  Therefore  the  zones,  being  as  their  breadths  and  as 
their  circumferences  jointly,  are  as  P  D*  and  P  d*. 

C  K  and  d  H,  being  the  sines  of  the  same  arch  C  d,  are 
equal.  Therefore  K  D  and  fF,  the  halves  of  chords 
equally  distant  from  the  centre,  are  also  equal.  Therefore 
the  triangles  C  D  K  and  C  F/are  equal  and  similar.  But 
CDS  is  similar  to  EDO.  For  the  right  angles  PDO 
sad  C  D  E  are  equal  Taking  away  the  common  angle 
CDO,  the  remainders  C  D  E  and  EDO  are  equal.  In 
Eke  manner,  C  Ff  and  G  F I  are  similar,  and  therefore 
(awe  C  D  K  and  C  Ff  are  similar)  the  elementary  tri- 
angles EDO  and  GFXare  similar,  and  DO:DE- 
PI-.FG. 

The  absolute  gravitation  or  tendency  of  P  to  the  zone 
DO  is  equal  to  its  absolute  gravitation  to  the  zone  de,,  be* 
cause  the  number  of  particles  of  the  first  is  to  the  number 
■n  the  last  in  PD*  toFd\  that  is,  inversely,  as  the  gra- 
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vitation  to  a  particle  in  the  first  to  the  gravitation  to  a  par- 
ticle in  the  last  Therefore  let  c  express  the  circumference 
of  a  circle  whose  radius  is  1.  The  surface  of  the  zone 
generated   by  DO   will   be  DO  x  e  X  D»,    and    the 

.„    .      DO  x  c  x  D*  ... 

gravitation    to    it   will   be    p-™ ,    to    which 

dexcx  dH         dexcx  rfH  .  . 
5-5 i  °* p™ »  equal.     This  express- 
es the  absolute  gravitation  to  the  Bone  generated  by  D  O, 
this  gravitation  being  exerted  in  the  direction  P  D. 

But  it  is  evident  that  the  tendency  of  P,  arising  from  its 
gravitation  to  every  particle  in  the  zone,  must  be  in  the 
direction  P  C.  The  oblique  gravitation  roust  therefore 
be  estimated  in  the  direction  P  C,  and  must  be  redu- 
ced, in  the  proportion  of  P  d  to  P  H.  It  is  plain  that 
P  d  :  P  H  =  d  e  :  fg,  because  d  e  and  fg  are  perpen- 
dicular to  P  d  and  P  H.  Therefore  the  reduced  or  cen- 
tral gravitation  of  P  to  the  aone  generated  by  DO  will  be 


?x  pressed  by**-*— p 


"pc* — ■ 

But  the  gravitation  to  the  zone  generated  by  D  O  ia  to 
the  gravitation  to  the  zone  -generated  byDE,  as  DO  to 
D  E,  that  is,  as  F  I  (or  fg)  to  F  G.  Therefore  the  cen- 
tral gravitation  to  the  zone  generated  by  D  E  will  be  ex- 
pressed by  FG*c*'fH.     Now  FGx<-xdHisthe 

value  of  the  surface  of  the  zone  generated  by  F  G.  And 
if  all  this  matter  were  collected  in  C,  the  gravitation  of  P 

to  it  would  be  exactly p-^ ,  and  it  would  be  in 

the  direction  P  C.  Hence  it  follows,  that  the  central  gra- 
vitation of  P  to  the  zone  generated  by  DE,  is  the  same  aa 
its  gravitation  to  all  the  matter  in  the  zone  generated  by 
F  G,  if  that  matter  were  placed  in  C. 

What  has  been  demonstrated  respecting  the  arch  D  K, 
is  true  of  every  portion  of  the  circumference.     Each  has  a 
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substitute  F  G,  which  being  placed  in  the  centre  C,  the 
gravitation  of  P  is  the  same.  If  P  T  touch  the  sphere  in 
T,  every  portion  of  the  arch  TLB  will  have  its  substitute 
in  the  quadrant  L  B,  and  every  part  of  the  arch  A  T  has 
its  substitute  in  the  quadrant  AT  L,  as  is  easily  seen. 
And  hence  it  follows,  that  the  gravitation  of  a  particle  P 
to  a  spherical  surface  ALBM  is  the  same  as  if  all  the 
matter  of  that  surface  were  collected  in  its  centre. 

We  see,  also,  that  the  gravitation  to  the  surface  gene- 
rated by  the  rotation  of  A  T  round  A  B  is  equal  to  the 
gravitation  to  the  surface  generated  by  T  L  B,  which  is 
much  larger,  but  more  remote. 

What  we  have  now  demonstrated  with  respect  to  the 
surface  generated  by  the  semicircle  AX  B  is  equally  true 
with  regard  to  the  surface  generated  by  any  concentric  se- 
micircle, such  ob  alb.  It  is  true,  therefore,  in  regard  to 
the  shell  comprehended  between  those  surfaces ;  for  this 
shell  may  be  resolved  into  innumerable  concentric  strata, 
and  the  proposition  may  be  affirmed  with  respect  to  each 
of  them,  and  therefore  with  respect  to  the  whole.  And 
this  will  still  be  true,  if  the  whole  sphere  be  thus  occupied. 

Lastly,  it  follows,  that  the  proposition  is  still  true,  al- 
though those  strata  should  differ  in  density,  provided  that 
each  stratum  is  uniformly  dense  in  every  part 

It  may  therefore  be  affirmed,  in  the  most  general  terms, 
that  a  particle,  P,  placed  without  a  spherical  surface,  shell, 
or  entire  sphere,  equally  dense  at  equal  distances  from  the 
centre,  tends  to  the  centre  with  the  same  force  as  if  the 
whole  matter  of  the  surface,  shell,  or  sphere,  were  col- 
lected there. 

This  will  be  found  to  be  a  very  important  proposition, 
greatly  assisting  us  in  the  explanation  of  abstruse  pheno- 
mena in  other  departments  of  natural  philosophy. 

£37.  The  gravitation  of  an  external  particle  to  a  sphe- 
rical surface,  shell,  or  entire  sphere,  of  uniform  density,  at 
equal  distances  from  the  centre,  is  as  (he  quantity  of  mat- 
G 

DigitizedbyGoOgle 


US  physical  Asnoxoarr. 

ttr  m  thmt  body,  direcUy,  amd  iu  the  tqtiare  of  th*  dittmce 
Jrom  its  centre,  inversely. 

For  if  ill  the  nutter  were  collected  in  its  centre,  the 
gravitation  would  be  the  nine,  and  it  would  then  vary  in 
the  inverse  duplicate  ratio  of  the  distance. 

828.  Cor.  1.  Particle*  placed  on  the  surface  of  spheres 
of  equal  density,  gravitate  to  the  centres  of  those  spheres 
with  forces  proportional  to  the  radii  of  the  spheres. 

For  the  quantities  of  matter  are  as  the  cubes  of  the 

radii.     Therefore  the  gravitation  g  is  as    -n>  that  is,  as  d. 

This  is  a  particular  case  of  Prop.  «25. 

tsV,  Cor.  2.  The  same  thing  holds  true,  if  the  dis- 
tance of  the  external  particles  from  the  centres  of  the 
spheres  are  as  the  diameters  or  radii  of  ths>  spheres, 

SSO.  Cor.  8.  If  a  particle  be  placed  within  the  surface 
of  a  sphere  of  uniform  density,  its  gravitation,  at  different 
t*«— i"?r  from  the  centre,  will  be  as  those  distances.  For 
k  will  not  be  affected  by  any  matter  of  the  sphere  that  is 
more  remote  from  the  centre  (408.) ;  and  its  gravitation  to 
what  is  less  remote  is  as  its  distance  from  the  centre  by 
the  last  corollary. 

331.  The  wutiiud  gravitation  of  tmspheYes  of  un^brm 
dainty  in  their  concentric  strata  ie  m  the  invene  dupiicate 
ratio  of  the  distance  hetaeen  their  centres. 

For  the  gravitation  of  each  particle  in  the  sphere  A  to 
to  the  sphere  B,  is  the  same  as  if  all  the  matter  in  B  were 
collected  at  its  centre.  Suppose  it  so  placed.  The  gravi- 
tation of  B  to  A  will  be  the  same  as  if  all  the  matter  in  A 
were  collected  in  its  centre.  Therefore  it  will  be  as  d'  in- 
versely. But  the  gravitation  of  A  to  B  is  equal  to  that  of 
B  to  A.     Therefore,  fcc 

282.  The  absolute  gravitation  of  two  spheres,  whose 
quantities  of  matter  are  a  and  o,  and  d  the  distance  of  their 
centres,  is  — _.    For  the  tendency  of  one  particle  of  a 
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to  b,  being  tlie  aggregate  of  its  tendencies  to  every  particle 
of  h,  is    -^     Therefore  the  tendency  of  the  whole  of  a  to 

b  must  be  --=•■.  And  the  tendency  of  A  to  a  is  equal 
to  that  of  a  to  b. 

239.  This  consequence  of  a  mutual  gravitation  between 
particles  proportional  to  -p,  is  agreeable  to  what  is  ob- 
served in  the  solar  system.  The  planets  are  very  nearly 
spherical,  and  they  are  observed  to  gravitate  mutually  in 
this  proportion  of  the  distance  between  their  centres.  This 
mutual  action  of  two  spheres  could  not  result  from  any 
other  law  of  action  between  the  particles.  Therefore  we 
conclude,  that  the  particles  of  gravitating  matter,  of  which 
the  planets  are  formed,  gravitate  to  each  other  according 
to  this  law,  and  that  the  observed  gravitation  of  the  pla- 
nets is  the  united  effect  of  the  gravitation  of  each  particle 
to  each.  There  is  just  one  other  case,  in  which  the  law  of 
corpuscular  action  is  the  same  with  the  law  of  action  be- 
tween the  masses ;  and  this  is  when  the  mutual  action  of 
the  corpuscles  is  as  their  distance  directly.  But  no  such 
fan-  is  observed  in  all  the  phenomena  of  nature. 

The  general  inference,  drawn  by  Sir  Isaac  Newton  from 
the  phenomena,  may  be  thus  expressed :  Every  particle  of 
natter  gravitates  to  every  other  particle  of matter  with  a 
fine  inversely  proportional  to  the  square  of  the  distance 
jrtm  it.    Hence  this  doctrine  has  been  called  thk  doc- 

TRIKE  OF  UNIVERSAL  GBAVlTiTION. 

The  description  of  a  conic  section  round  the  focus,  fully 
proves  that  this  law  of  the  distances  is  the  law  competent 
to  all  the  gravitating  particles.  But  whether  all  particles 
gravitate,  and  gravitate  alike,  is  not  demonstrated.  The 
analogy  between  the  distance  of  the  different  planets  and 
their  periodic  times  only  proves,  that  the  total  gravitation 
of  the  different  planets  is  in  the  same  proportion  with  their 

vot.  in.  i 
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quantity  of  matter.  For  the  fore*  observed  by  us,  and 
found  to  be  in  the  inverse  duplicate  ratio  of  the  distance 
of  the  planet,  is  the  accelerating  force  of  gravity,  being 
measured  by  the  acceleration  which  it  produces  in  the  dif- 
ferent planets.  But  if  one  half  of  a  planet  be  matter  which 
does  not  gravitate,  and  the  other  half  gravitates  twice  as 
much  as  the  matter  of  another  planet,  these  two  planets 
will  still  have  their  periods  and  distances  agreeable  to  Kep- 
ler's third  law.  But  since  no  phenomenon  indicates  any 
inequality  in  the  gravitation  of  different  substances,  it  is 
proper  to  admit  its  perfect  equality,  and  to  conclude  with 
Sir  Isaac  Newton. 

234.  The  general  consequence  of  this  doctrine  is,  that 
any  two  bodies,  at  perfect  liberty  to  move,  should  approach 
each  other.  This  may  be  made  the  subject  of  experiment, 
in  order  to  see  whether  the  mutual  tendencies  of  the  pla- 
nets arise  from  that  of  their  particles.  For  it  must  still 
be  remembered,  that  although  this  constitution  of  the  par- 
ticles will  produce  this  appearance,  it  may  arise  from  some 
other  cause. 

Such  experiments  have  accordingly  been  made.  Bodies 
have  been  suspended  very  nicely,  and  they  have  been  ob- 
served to  approach  each  other.  But  a  more  careful  ex- 
amination of  all  circumstances  has  shewn,  that  most  of 
those  mutual  approaches  have  arisen  from  other  causes. 
Several  philosophers  of  reputation  have  therefore  refused 
to  admit  a  mutual  gravitation  as  a  phenomenon  competent 
to  all  matter. 

But  no  such  approach  should  be  observed  in  the  expe- 
riments now  alluded  to.  The  mutual  approach  of  two 
spheres  A  and  B,  at  the  distance  D  of  their  centres,  must 
be  to  the  approach  to  the  Earth  £  at  the  distance  d  of 

their  centres  in  the  proportion  of  — ™--  to  — jT~  that  is, 
of  ^,  to  ,j.     Therefore,  if  a  particle  be  placed  at  the  sur- 
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fane  of»  golden  sphere  one  foot  ip  diameter,  its  gravitation 
to  the  Earth  must  he  more  than  ten  millions  of  times 
greater  than  its  gravitation  to  the  gold.  For  the  diameter 
of  the  Earth,  ia  nearly  fort  v  millions  of  feet,  and  the  den- 
sity of  sold  ia  nearly  four  times  the  mean  density  of  the 
Earth.  And  therefore,  in  a  second,  it  would  approach  less 
than  the  ten  millionth  part  of  16'  feet — a  quantity  alto- 
gether insensible. 

If  we  could  employ  in  these  experiments  bodies  of  suffi. 
dent  magnitude,  a  sensible  effect  might  be  expected.  Sup- 
pose T  (Fig.  22.)  to  be  a  ball  of  equal  density  with  the 
Earth,  and  two  geographical  miles  in  diameter,  and  let  the 
particle  B  be  at  its  surface.  Its  gravity  to  T  will  be  to  its 
gravitation  to  the  Earth  nearly  as  I  to  2300 ;  and,  there- 
fore, if  suspended  like  a  plummet,  it  would  certainly  de- 
viate 1'  from  the  perpendicular.  A  mountain  two  miles 
high,  and  hemispherical,  rising  in  a  level  country,  would 
produce  the  same  deviation  of  the  plummet 

285.  Accordingly,  such  deviation  of  a  plumb  line  has 
been  observed.  First,  by  the  French  academicians  em- 
ployed to  measure  a  degree  of  the  meridian  in  Peru.  Hav- 
ing placed  their  observatories  on  the  north  and  south  sides 
of  the  vast  mountain  Cbimboraco,  they  found,  that  the 
plummets  of  their  quadrants  were  deflected  toward  the 
"wwi+H'q  Of  this  they  could  accurately  judge,  by  means 
of  the  stars  which  they  saw  through  the  telescope  of  their 
quadrant,  when  they  were  pointed  vertically  by  means  of 
the  plummet. 

Thus,  if  the  plummets  take  the  positions  A B,  CD, 
(Fig.  83.)  instead  of  hanging  in  the  verticals  A  F  and  C  H, 
a  star  I  will  seem  to  have  the  zenith  distances  el,  gl,  in- 
stead of  E  I,  G  I,  which  it  ought  to  have ;  and  the  dis- 
tance F  H  on  the  Earth's  surface  will  seem  the  measure  of 
the  difference  of  latitude  eg,  whereas  it  corresponds  to 
E  G.  The  measure  of  a  degree,  including  the  apace  F  H, 
I  by  the  declination  of  a  star  I,  will  be  too 
5 
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short,  and  the  measure  of  a  degree,  terminating  rather  at  F 
or  H,  will  be  too  long  when  the  space  F  H  is  excluded. 

Considerable  doubts  remaining  as  to  the  inferences  drawn 
from  this  observation,  the  philosophers  were  very  desirous 
of  having  it  repeated.  For  this  reason,  our  Sovereign, 
'George  III.  ever  zealous  to  promote  true  science,  sent  the 
royal  astronomer,  Dr  Maskelyne,  to  Scotland,  to  make  this 
experiment  ou  the  north  and  south  sides  of  Shihallien,  a 
lofty  and  solid  mountain  in  Perthshire.  The  deviation  to- 
ward the  mountain  on  each  side  exceeded  7*  ;  thus  con- 
firming, beyond  doubt,  the  noble  discovery  of  our  illus- 
trious countryman. 

Perhaps  a  very  sensible  effect  might  be  observed  at  An- 
napolis-Royal, in  Nova  Scotia,  from  the  vast  addition  of 
matter  brought  on  the  coast  twice  every  day  by  the  tides. 
The  water  rises  there  above  a  hundred  feet  at  spring-tide. 
If  a  leaden  pipe,  a  few  hundred  feet  long,  were  laid  on 
the  level  beach,  at  right  angles  with  the  coast,  and  a  glass 
pipe  set  upright  at  each  end,  and  the  whole  filled  with  wa- 
ter ;  the  water  will  rise  at  the  outer  end,  and  sink  at  the 
end  next  the  land,  as  the  tide  rises.  Such  an  alternate 
change  of  level  would  give  the  most  satisfactory  evidence. 
,  Perhaps  the  effect  might  be  sensible  on  a  very  long  plum- 
met, or  even  a  nice  spirit  level. 

236.  A  very  fine  and  satisfactory  examination  was  made 
in  1789  by  Mr  H.  Cavendish.  Two  leaden  balls  were 
fastened  to  the  ends  of  a  slender  deal  rod,  which  was  sus- 
pended horizontally  at  its  middle  by  a  fine  wire.  This 
arm,  after  oscillating  some  time  horizontally  by  the  twist, 
ing  and  untwisting  of  the  wire,  came  to  rest  in  a  certain 
position.  Two  great  masses  of  lead  were  now  brought 
within  a  proper  distance  of  the  two  suspended  balls,  and 
their  approach  produced  a  deviation  of  the  arms  from  the 
points  of  rest.  By  the  extent  of  this  deviation,  and  by  the 
rimes  of  the  oscillations  when  the  great  masses  were  with- 
drawn, the  proportion  was  discovered  between  the  eiasti- 
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city  of  the  wire  sod  the  gravitation  of  the  balls  to  the 
great  manes ;  and  a  medium  of  all  the  observations  was 
taken. 

By  these  experiments,  the  mutual  gravitation  of  terres- 
trial matter,  even  at  considerable  distances,  was  most  evin- 
cingry  demonstrated ;  and  it  was  legitimately  deduced  from 
them,  that  the  medium  density  of  the  Earth  was  more  than 
five  tunes  the  density  of  water.  These  curious  and  valu- 
able experiments  are  narrated  in  the  Philosophical  Trans- 
actions for  1798. 

237.  The  oblate  farm  of  the  Earth  also  affords  another 
proof  that  gravity  is  directed,  not  to  any  singular  point 
within  the  Earth,  but  that  its  direction  is  the  combined 
effect  of  a  gravitation  to  every  particle  of  matter.  Were 
gravity  directed  to  the  centre,  by  any  peculiar  virtue  of 
that  point,  then,  as  the  rotation  takes  away  B  jB  of  the  gra- 
vity at  the  equator,  the  equatorial  parts  of  a  fluid  sphere 
must  rise  one-half  of  this,  or  j4 ,,  before  all  is  in  equilibria 

For  suppose  C  N  and  C  Q  (Fig.  5.)  to  be  two  canals 
reaching  from  the  pole  and  from  the  equator  to  the  centre. 
Since  the  diminution  of  gravity  at  Q  is  observed  to  be  ,),, 
and  the  gravitation  of  every  particle  in  CQ  is  diminished 
by  rotation  in  proportion  to  its  distance  from  the  axis  of 
rotation,  the  diminution  occasioned  in  the  weight  of  the 
whole  canal  will  be  one-half  of  the  diminution  it  would 
sustain,  if  the  weight  of  every  particle  were  as  much  di- 
minished as  that  of  the  particle  Q  is.  Therefore  the  canal 
presses  less  on  the  centre  by  3is,  and  must  be  lengthened 
to  much  before  it  will  balance  NC,  which  sustains  no  di- 
minution of  weight  Every  other  canal  parallel  to  C  Q 
sustains  a  similar  loss  of  weight,  and  must  be  similarly 
compensated.  This  will  produce  an  elliptical  spheroidal 
form. 

But  the  equatorial  parts  of  our  globe  are  much  more 
elevated  than  this — not  less  than  a\?.  The  reason is.this: 
When  the  rotation  of  the  Earth  has  raised  the  equatorial 
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points  j|r,  the  plummet,  which  at  a,  (Fig.  5.)  would 
have  hung  in  the  direction  a  D,  tangent  to  die  evohite 
ABDF,  is  attracted  sideways  by  the  protuberant  matter 
toward  the  equator.  But  the  surface  of  the  ocean  must 
still  be  such,  that  the  plummet  is  perpendicular  to  it. 
Therefore  it  cannot  retain  the  elliptical  form  produced  by 
the  rotation  alone,  but  swells  still  more  at  the  equator ; 
and  this  still  increases  the  deviation  of  the  plummet.  This 
must  go  on,  till  a  new  equilibrium  is  produced  by  a  new 
figure.  This  will  be  considered  afterwards.  No  more  is 
mentioned  at  present,  than  what  is  necessary  for  shewing, 
that  the  protuberance  produced  by  the  rotation  causes,  by 
its  attraction,  the  plummet  to  deviate  from  the  position 
which  it  had  acquired,  in  consequence  of  the  same  rota- 
tion. 

238.  By  such  induction,  and  such  reasoning,  is  estab- 
lished the  doctrine  of  universal  gravitation,  a  doctrine 
which  is  placed  beyond  the  reach  of  controversy,  and  has 
immortalized  the  fame  of  its  illustrious  inventor. 

Sir  Isaac  Newton  has  been  supposed  by  many  to  hate 
assigned  this  mutual  gravitation,  or,  as  he  sometimes  calls 
it,  this  attraction,  as  a  property  inherent  in  matter,  and  as 
the  cause  of  the  celestial  phenomena ;  and  for  this  reason, 
he  has  been  accused  of  introducing  the  occult  qualities  of 
the  peripatetics  into  philosophy.  Nay,  many  accuse  him 
of  introducing  into  philosophy  a  manifest  absurdity,  name- 
ly, that  a  body  can  act  where  it  is  not  present.  This, 
they  say,  is  equivalent  with  saying,  that  the  Sun  attracts 
the  planets,  or  that  any  body  acts  on  another  that  is  at  a 
distance  from  it. 

Both  of  those  accusations  are  unjust  Newton,  in  no 
place  of  that  work  which  contains  the  doctrine  of  univer- 
sal gravitation,  that  is,  in  his  Mathematical  Principles  of 
Natural  Philosophy,  attempts  to  explain  the  general  phe- 
nomena of  the  solar  system  from  the  principle  of  universal 
gravitation.     On  the  contrary,  it  is  in  those  general  phe- 
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BOBMBft  tliat  be  discovers  it  Hie  only  discovery  to  which 
he  professes  to  hare  say  chum  is,  lit,  the  matter  of  fact, 
that  every  body  in  the  solar  system  i>  continually  deflected 
toward  every  other  body  in  it,  and  that  the  deflection  of 
any  mdmdoal  body  A  toward  any  other  body  B,  is  06- 
mrvti  to  be  in  tiw  proportion  of  the  quantity  of  matter  in 
B  directly,  and  of  the  square  of  the  distance  AB  inversely; 
and,  «dfy,  that  the  falling  of  terrestrial  bodiea  is  just  a 
particular  example  of  this  universal  deflection.  He  em- 
ploys this  discovery  to  explain  .phenomena  that  are  more 
particular ;  and  all  the  explanation  that  he  gives  of  these 
is,  the  shewing  that  they  ate  modified  cases  of  this  general 
phenomenon,  of  which  he  knows  no  explanation  but  the 
mere  description,  Newton  was  not  more  eminent  for  ma- 
thematical genius  and  penetrating  judgment,  than  for  lo- 
gical accuracy.  He  uses  the  word  gravitation  as  the  ex- 
pression, not  of  a  quality,  but  of  a  fact ;  not  of  a  cause, 
but  of  an  event.  Having  established  this  met  beyond  the 
power  of  controversy,  by  an  induction  sufficiently  copious, 
nay,  without  a  single  exception,  he  explains  the  more  par- 
ticular phenomena,  by  shewing,  with  what  modifications, 
arising  from  the  circumstances  of  the  case,  they  are  includ- 
ed m  the  general  met  of  mutual  deflection ;  and,  JmaHy, 
aa  afl  changes  of  motion  are  conceived  by  us  as  the  effects 
of  force,  be  says,  that  there  is  a  deflecting  force  continually 
acting  on  every  particle  of  matter  in  the  solar  system,  and 
that  this  deflecting  force  is  what  we  call  weight,  heaviness. 
fWw  persons'  think  themselves  chargeable  with  absurdity, 
or  with  the  abetting  of  occult  qualities,  when  they  really 
consider  the  heaviness  of  a  body  as  one  of  its  properties. 
So  far  from  being  occult,  it  seems  one  of  the  most  mani- 
fest It  is  not  the  heaviness  of  this  body  that  is  the  occult 
quality ;  it  is  the  cause  of  this  heaviness.  In  thus  consid- 
ering gravity  as  competent  to  all  matter,  Newton  does  no- 
Jhiag  that  is  not  done  by  others,  when  they  ascribe  im- 
inertia  to  matter.     Without  scruple,  they 
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say  that  impulsiveness  is  an  universal  property  of  matter. 
Impulsiveness  and  heaviness  are  on  precisely  the  same  foot- 
ing—mere phenomena ;  and  the  most  general  phenomena 
that  we  know.  We  know  none  more  general  than  im- 
pulsiveness, so  as  to  include  it,  and  thus  enable  us  to  ex- 
plain it  Nor  do  we  know  any  that  includes  the  pheno- 
mena of  universal  deflection,  with  all  the  modifications  of 
the  heaviness  of  matter.  Whether  one  of  these  can  ex- 
plain the  other  is  a  different  question,  and  will  lie  consid- 
ered on  another  occasion,  when  we  shall  see  with  how  little 
justice  philosophers  have  refused  all  action  at  a  distance. 

But  it  would  seem  that  there  is  some  peculiarity  in  this 
explanation  of  the  planetary  motions,  which  hinders  it  from 
giving  entire  satisfaction  to  the  mind.  If  this  be  the  case, 
it  is  principally  owing  to  mistake ;  to  carelessly  imputing 
to  Newton  views  which  he  did  not  entertain.  His  doctrine 
of  universal  gravitation  does  not  attempt  to  explain  how 
the  operating  cause  retards  the  Moon's  motion  in  the  first 
and  third  quarters  of  a  lunation;  it  merely  narrates  in 
what  direction,  and  with  what  velocity,  this  change  is  pro- 
duced ;  or  rather,  it  shews  how  the  Moon's  deflection  to- 
ward the  Earth,  joined  to  her  deflection  toward  the  Sun, 
both  of  which  are  matters  of  fact,  constitute  this  iteming 
irregularity  of  motion  which  we  consider  as  a  disturbance. 
But  with  respect  to  the  operating  cause  of  this  general  de- 
flection, and  the  manner  in  which  it  produces  its  effect,  so 
as  to  explain  that  effect,  Newton  is  altogether  silent  He 
was  as  anxious  as  any  person  not  to  be  thought  to  ascribe 
inherent  gravity  to  matter,  or  to  assert  that  a  body  could 
act  on  another  at  a  distance,  without  some  mechanical  in- 
tervention. In  a  letter  to  Dr  Bentley,  he  expresses  this 
anxiety  in  the  strongest  terms.  It  is  difficult  to  know 
Newton's  precise  meaning  by  the  word  action.  In  very 
strict  language,  it  is  absurd  to  say  that  matter  acts  at  all 
—in  contact  or  at  a  distance.  But  if  one  should  assert, 
that  the  condition  of  a  particle  a  cannot  depend  on  another 
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particle  b  at  a  distance  from  it,  hardly  any  person  will  say 
that  be  makes  this  assertion  from  a  clear  perception  of  the 
absurdity  of  the  contrary  proposition.  Should  a  person 
say  that  the  mere  presence  of  the  particle  b  is  a  sufficient 
reason  fin-  a  approaching  it,  it  will  be  difficult  to  prove  the 
assertion  to  he  absurd. 

239.  Such,  however,  has  been  the  general  opinion  of 
philosophers ;  and  numberless  attempts  have  been  made  to 
thrust  in  some  material  agent  in  all  the  cases  of  seeming 
■ebon  at  a  distance  Hence  the  hypotheses  of  magnetical 
and  electrical  atmospheres;  hence  the  vortexes  of  Des 
Cartes,  and  the  celestial  machinery  of  Eudoxus  and  Cal- 
lippiu. 

Of  all  those  attempts,  perhaps  the  most  rash  and  unjus- 
tifiable is  that  of  Leibnitz,  published  in  the  Leipzig  Acts, 
1689,  two  years  after  the  publication  of  Newton's  Principia, 
and  of  the  review  of  it  in  those  very  acts.  It  may  be  called 
rash,  because  it  trusted  too  much  to  the  deference  which 
his  own  countrymen  had  hitherto  shewn  for  his  opinions. 
In  this  attempt  to  account  for  the  elliptical  motion  of  the 
placets,  Leibnitz  pays  no  regard  to  the  acknowledged  laws 
of  motion.  He  »«pin»m  as  principles  of  explanation,  mo- 
tions totally  repugnant  to  those  laws,  and  motions  and  ten- 
dencies incongruous  and  contradictory  to  each  other.  And 
then,  by  the  help  of  geometrical  and  analytical  errors, 
which  compensate  each  other,  he  makes  out  a  strange  con- 
clusion, which  he  calls  a  demonstration  of  the  law  of  plane- 
tary gravitation ;  and  says,  that  be  sees  that  this  theorem  is 
known  to  Mr  Newton,  but  that  he  cannot  tell  how  he  has 
arrived  at  the  knowledge  of  it  This  is  something  very  re- 
markable. Newton's  process  is  sufficiently  pointed  out  in 
the  Ada  Entditorum,  which  M.  Leibnitz  acknowledges  that 
he  had  seen.  A  copy  of  the  Principia  was  sent  to  him, 
by  order  of  the  Royal  Society,  in  less  than  two  months 
after  the  publication. — It  was  soon  known  over  all  Europe. 

It  is  without  the  least  foundation  that  the  partisans  of 
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M.  I^nSrto  gave  him  any  share  in  the  discovery  of  theksnr 
of  gravitation.  None  of  them  has  ventured  to  quote  this 
dWrtatfan  as  a  proposition  jostry  proved,  nor  to  defend  it 
against  the  objections  of  Dr  Gregory  and  Dr  Keill.  M. 
Leibmu's  remarks  on  Dr  Gregory's  critieiam  were  not  ad- 
nutted  into  the  Acta  EruOtorvm,  though  under  the  ma- 
nagement of  h«  particular  friends.  In  October  1706  ihey 
inserted  an  extntct  from  a  letter,  containing  book  of  those 
remarks ;— if  possible,  they  are  more  absurd  and  incongru- 
ous than  die  origmal  dissertation. 

It  is  worth  while,  as  a  piece  of  amusement,  to  read  the 
account  of  this  dissertation  by  Dr  Gregory  in  his  Astrono- 
my, and  the  observations  by  Dr  Keill  in  the  Journal  IMc 
raire  de  la  Hayc,  August  1714. 

MO.  Sir  Isaac  Newton  has  also  shewn  some  disposition 
to  account  for  the  planetary  deflection  by  the  action  of  an 
elastic  sether.  The  general  notion  of  the  attempt  is  Una  ■ 
The  space  occupied  by  the  solar  system  is  supposed  to  be 
Ailed  with  an  elastic  fluid,  incomparably  more  subtle  and 
more  elastic  than  our  sir.  It  is  supposed  to  be  of  greater 
and  greater  density  as  we  recede  from  the  Son,  and  in 
general  from  all  bodies.  In  consequence  of  this,  Newton 
thinks  that  a  planet  placed  any  where  in  k  will  be  impelled 
from  a  denser  into  a  rarer  part  of  the  aether,  and  m  this 
manner  have  its  course  incurvated  toward  the  Sun. 

But,  without  making  any  remarks  on  the  impossibility 
of  conceiving  this  operation  with  any  distinctness  that  can 
entitle  the  hypothesis  to  be  called  an  explanation,  it  need 
only  be  observed,  that  it  is,  in  its  first  conception,  quite  un- 
fit for  answering  the  Very  purpose  for  which  it  is  employed, 
namely,  to  avoid  the  absurdity  of  bodies  acting  on  others  at 
a  distance.  For,  unless  this  be  allowed,  an  sether  of  dif- 
ferent density  and  elasticity  in  its  different  strata  cannot 
exist  It  must  either  be  tmifonnly  dense  and  elastic 
throughout,  or  there  must  exist  a  repulsive  force  operating 
between  very  distant  particles — perhaps  extending  its  in- 
fluence as  for  as  the  solar  influence  extends— nay,  elasticity 
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wtthdut  An  action  e  iistaiM,  even  between  the  adjoining 
particles,  Is  inconceivable.  What  is  meant  by  elasticity  f 
Sorely  such  a  constitution  of  the  assemblage  of  particle*  as 
mikes  them  recede  from  each  wther ;  and  the  absurdity  is 
as  great  at  the  distance  of  the  millionth  part  of  a  mart 
breadth  as  at  the  distance  of  a  million  of  league*.  IF  We 
attempt  tb  evade  this,  by  saying  that  the  particles  are  m 
contact,  (tad  ate  elastic,  we  must  gram  that  they  are  com- 
pressible, and  are  really  compressed,  otherwise  they  are  not 
exerting  any  elastic  force ;  therefore  they  are  dimpled,  and 
Ob  ho  more  constitute  a  fluid  than  so  many  blown  Mad- 
ders compressed  in  a  box. 

The  last  attempt  of  this  kind  that  shall  be  mentioned,  is 
that  of  M.  Le  Sage  of  Geneva,  put  into  a  better  shape  by 
H.  Prevfit,  m  a  Memoir  published  by  die  Academy  of 
Berhu,  under  the  name  of  Ltuertce  Nwto*nen.  This  phi- 
losopher supposes  that  through  every  point  of  spate  there 
is  continually  passing  a  stream  of  sether  in  every  direction, 
*fth  immense  rapidity.  This  will  produce  no  (fleet  on  a 
wBtttty  body ;  out  if  there  are  two,  one  of  them  intercepts, 
patt  of  the  stream  which  wonld  have  acted  oil  the  Other. 
Therefore  the  bodies,  being  less  hftpeBed  on  tint  tade 
Which  feces  the  other,  wiH  move  toward  each  'other.  Le 
atge  ados  some  circumstances  respecting  the  structure  of 
the  bodies,  Which  may  give  a  sort  of  progression  hi  the  Sft- 
tewaty  of  the  impulse,  which  may  produce  a  deflection  dr- 
mhdsnmg  as  the  distance  or  its  stfusxe  increases.  But  ttSj 
hypothesis  also  requires  that  We  make  light  of  the  aCaWrtr- 
fedged  laws  of  motion.  It  has  other  Insuperable  dMnrftiea, 
and,  so  far  from  uflbl-dmgauy  tirptoaatioh  of  the  plawetstty 
motions,  fta  most  triSmg  ttfeamstaneeis  incomparably  more 
dUScult  to  comprehend,  or  even  to  conceive  than  the  meat 
UMh  phenomenon  m  astronomy. 

Ml.  Indeed  this  dMcuKy  febtams  in  every  attempt <ef 
djektad^itlieiAg  'necessary  to  consider  Ae  combined  mo- 
tion of  Wsttmtb  of  bodies,  in  order  to  rtplam  Ihe  motion  of 
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one.  But  such  hypotheses  have  s  worse  fault  than  their 
difficulty ;  they  transgress  a  great  rule  of  philosophical  dis- 
quisition, '  never  to  admit  as  the  cause  of  a  phenomenon 
any  thing  of  which  we  do  not  know  the  existence.*  For, 
even  if  the  legitimate  consequences  of  the  hypothesis  were 
agreeable  to  the  phenomena,  this  only  shews  the  pottibility 
of  the  theory,  but  gives  no  explanation  whatever.  The 
hypothesis  is  good,  only  as  far  as  it  agrees  with  the  pheno- 
mena ;  we  therefore  understand  the  phenomena  as  far  as 
we  understand  the  explanation.  The  observed  laws  of  the 
phenomena  are  as  extensive  as  our  explanation,  and  the 
hypothesis  is  useless.  But,  alas !  none  of  those  hypotheses 
agree,  in  their  legitimate  consequences,  with  the  pheno- 
mena ;  the  laws  of  motion  must  he  thrown  aside,  in  order 
to  employ  them,  and  new  laws  must  be  adopted.  This  is 
unwise;  it  were  much  better  to  give  those  pro  re  note  laws 
to  the  planets  themselves. 

Mr  Cotes,  a  philosopher  and  geometer  of  the  first  emi- 
nence, wrote  a  preface  to  the  second  edition  of  the  Princi- 
pia,  which  was  published  in  1 71 S  with  many  alterations  and 
improvements  by  the  author.  In  this  preface  Mr  Cotes 
gives  an  excellent  account  of  the  principles  of  the  New- 
tonian philosophy,  and  many  very  pertinent  remarks  on 
the  maxim  which  made  philosophers  so  adverse  to  the  ad- 
mission of  attracting  and  repelling  forces.  Whatever  may 
have  been  Newton's  sentiments  in  early  life  about  the  com- 
petency of  an  elastic  tether  to  account  for  the  planetary  de- 
flections, he  certainly  put  little  value  ou  it  afterwards.  For 
he  never  made  any  serious  use  of  it  for  the  explanation  of 
any  phenomenon  susceptible  of  mathematical  discussion. 
He  had  certainly  rejected  all  such  hypotheses,  otherwise  be 
never  would  have  permitted  Mr  Pemberton  to  prefix  that 
preface  of  Mr  Cotes  to  an  edition  carried  on  under  his.  own 
eye.  For  in  this  preface  the  absurdity  of  the  hypothesis  of 
an  elastic  aether  is  completely  exposed,  and  it  is  declared  to 
be  a  contrivance  altogether  unworthy  of  a  philosopher.  Yet, 
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when  Mr  Cotes  died  soon  after,  Sir  Isaac  Newton  spoke  of 
him  in  terms  of  the  highest  respect  Alas  i  said  he,  we  have 
lott  Mr  Cotes ;  had  he  lived,  ae  should  soon  have  learned 
something  excellent. 

At  present  the  most  eminent  philosophers  and  mathema- 
noans  in  Europe  profess  the  opinion  of  Mr  Cotes,  and  see 
no  validity  in  the  philosophical  maxim  that  bodies  cannot 
act  at  a  distance.  M.  de  la  Place,  the  excellent  commenta- 
tor of  Newton,  and  who  has  given  the  finishing  stroke  to 
the  universality  of  the  influence  of  gravitation  on  the  plane- 
tary motions,  by  explaining,  by  this  principle,  the  secular 
equation  of  the  Mochi,  which  had  resisted  the  efforts  of  all 
die  mathematicians,  endeavours,  on  the  contrary,  to  prove 
that  an  action  in  the  inverse  duplicate  ratio  of  the  distances 
results  from  the  very  essence  or  existence  of  matter.  Some 
remarks  will  be  made  on  this  attempt  of  M.  de  la  Place 
afterwards.  But  at  present  we  shall  find  it  much  more 
conducive  to  our  purpose  to  avoid  altogether  this  metaphy- 
sical question,  and  strictly  to  follow  the  example  of  our 
illustrious  Instructor,  who  clearly  saw  its  absolute  insigni- 
ficance for  increasing  our  knowledge  of  Nature. 

Newton  saw  that  any  inquiry  into  the  manner  of' acting 
of  the  efficient  cause  of  the  planetary  deflections  was  altoge- 
ther unnecessary  for  acquiring  a  complete  knowledge  of  all 
the  phenomena  depending  on  the  law  which  he  had  so  hap- 
pily discovered.  Such  was  its  perfect  simplicity,  that  we 
wanted  nothing  but  the  assurance  of  its  constancy— an  as- 
surance established  on  the  exquisite  agreement  of  pheno- 
mena with  every  legitimate  deduction  from  the  law. 

Even  Newton's  perspicacious  mind  did  not  see  the  number 
of  important  phenomena  that  were  completely  explained  by 
it,  and  be  thought,  that  some  would  be  found  which  re- 
quired the  admission  of  other  principles.  But  the  first 
mathematicians  of  Europe  have  acquired  most  deserved 
fame  in  the  cultivation  of  this  philosophy,  and  in  their  pro- 
gress have  found  that  there  is  not  one  appearance  in  foe 
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fsdes&al  motions  that  is  tneouutent  with  the  Newtonian 
Uw,  and  scarcely  a  phenomenon  that  require*  any  thing 
dm  for  its  complete  explanation. 

Hitherto  we  have  been  employed  in  the  establishment  of 
a  general  law.  We  are  now  to  shew  how  the  motion*  ac- 
tually observed  U  the  individual  member*  of  the  aoiar 
system  result  from,  «  axo  examples  of  the  operation  of  the 
power  called  Gravity,  and  bow  its  effects  are  modified,  and 
made  what  we  behold,  by  the  circumstances  of  the  case.-— 
To  do  tins  in  detail  would  occupy  many  volumes ;  we  mmt 
oonteBt  ourselves  with  adducing  one  car  two  of  the  most  in- 
teresting examples.  The  student  in  this  noble  department 
of  mechanical  philosophy  will  derive  great  assistance  from 
Mr  M'Xiaurin's  Actxmmt  <)f  Sir  Statu;  Newton's  Dkoverie*. 
D*  PembertoBB  View  of  the  Newtonian  Philosophy  has  alto 
considerable  merit,  and  is  peculiarly  fitted  for  those  who 
am  less  habituated  to  mathematical  discussion.  The  Cos. 
ttognfhja  of  the  Abbe  Frisi  is  one  of  the  most  valuable 
works  extant  «a  this  subject.  This  author  gives  a  vary 
compendious,  yet  a  clear  and  perspicuous,  account  of  the 
Newtonian  doctrines,  and  of  all  the  improvement*  in  the 
manner  of  treating  them  which  have  resulted  from  the  1m- 
iwMJstJBa;  labour  of  the  great  mathematicians  in  their  astd. 
duous  cultivation  of  the  Newtonian  philosophy.  He  fol- 
lows, in  general,  the  geometrical  method,  and  his  geometry 
is  elegant,  and  yet  he  exhibits  (also  with  great  neatness)  all 
the  listed  analytical  processes  by  which  this  philosophy  has 
been  brought  into  its  present  state. 
What  now  follow*  may  be  called  an  outline  of 

The  Theory  of  the  CeletHal  Motion*. 

S42.  The  first  general  remark  that  arises  front  the  esta- 
blishment of'  universal  and  mutual  gravitation  is,  that  the 
ossjunnn  centre  of  the  whole  system  is  not  affected  by  it, 
and  is  either  «t  rest,  or,  if  w  motion,  this  motion  is  prg- 
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duced  by  a  force  which  is  external  to  the  system  and 
acts  equally  and  in  the  same  direction  on  every  body  of  the 


248.  A  force  has  been  discovered  pervading  the  whole 
system,  and  determining  or  regulating  the  motions  of  every 
individual  body  in  it  The  problem  which  naturally  ofien 
itself  first  to  our  discussion  is,  to  ascertain  what  wiU  be  tnr 
motion  of  a  body,  projected  Jrom  any  given  pant  of' the 
talor  system,  in  any  particular  direction,  and  wiih  any  par- 
ticular velocity — what  will  be  titejbrmtf 'its  path,  how  will 
it  move  in  thii path,  amd  where  mil  it  beat  any  intiaat 
we  choose  tonamtt 

Sir  Isaac  has  given,  in  the  41st  proposition  of  his  first 
book,  the  solution  of  this  problem,  in  the  most  general 
terms,  not  limited  to  the  observed  law  of  gravitation,  but 
extended  to  any  conceivable  relation  between  the  distances 
and  the  intensity  of  the  force.  This  is,  unquestionably,  the 
most  sublime  problem  that  can  be  proposed  in  mechanical 
philosophy,  and  is  well  known  by  the  name  of  the  iwna 
raosLKH  or  csktupstal  fobcbs. 

But,  in  this  extent,  it  is  a  problem  of  pure  dynamics,  and 
does  not  make  a  part  of  physical  astronomy.  Our  attention 
is  limited  to  the  centripetal  force  which  connects  this  part 
of  the  creation  of  God— a  force  inversely  proportional  to 
the  square  of  the  distances.     It  may  be  stated  as  follows. 

Let  a  body  F,  (Fig.  28.)  which  gravitates  to  the  Sua  in 
S,  be  projected  in  the  direction  FN,  with  the  velocity  which 
the  gravitation  at  P  to  the  Sun  would  generate  in  it  by  im- 
pelling it  along  F  T,  leas  than  F  S. 

DrawFQ  perpendicular  to  FN.  Take  PO  equal  to 
twice  P  T,  and  draw  0  Q  perpendicular  to  P  Q,  and  Q  B. 
perpendicular  to  P  S.  Also  draw  P  i,  making  the  angle 
Q  P*  equal  to  Q  PS.  Join  SQ,  and  produce  SQ  till  it 
meet  P  t  in  #. 

Toe  body  will  describe  an  ellipsis,  which  F  N  touches  in 
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P,  whose  fbei  are  S  and  t,  and  whose  principal  parameter 
is  twice  P  R. 

For,  draw  S  N  perpendicular  to  P  N.  Make  PO'  = 
SPOor  =  4PT,  and  draw  O'  Q  perpendicular  toPO', 
and  describe  a  circle  passing  through  P,  C  and  Q'.  It  will 
touch  P  N,  because  POQ'  was  made  a  right  angle,  and 
therefore  P  Q"  is  the  diameter  of  the  circle] 

We  know  that  as  ellipse  may  be  described  by  a  body 
influenced  by  gravitation.  This  ellipse  may  have  S  and  * 
for  its  foci,  and  P  N  for  a  tangent  in  P,  because  the  angles 
are  equal  which  P  N  makes  with  the  two  focal  lines.  This 
being  the  case,  we>now  that  ifPQ,  OQ,  and  Q  ft,  be 
drawn  as  directed  in  the  foregoing  construction,  P  O'  Q"  is 
the  circle  which  has  the  same  curvature  with  the  ellipse  in 
P,  whose  foci  are  S  and  *,  and  tangent  P  N,  and  P  T  is 
one-fourth  of  the  chord  of  curvature  in  P,  and  P  H  is  half 
the  parameter  of  the,  ellipse.  Therefore  P  T  is  the  space 
along  which  the  body  must  be  uniformly  impelled  by  the 
force  in  P,  that  it  may  acquire  the  velocity  with  which 
the  body,  actually  describing  this  ellipse,  passes  through  P. 
If  this  body,  which  we  shall  call  A,  thus  revolves  in  an  ellipse, 
we  should  infer  that  it  is  deflected  toward  S,  by  a  force  in- 
versely proportional  to  the  square  of  its  distance  from  S, 
and  of  such  magnitude  in  P,  that  it  would  generate  the  ve- 
locity with  which  the  body  passes  through  Pa,  by  uniformly 
impelling  it  along  P  T. 

Now,  the  other  body  (which  we  shall  call  P)  was  actually 
projected  in  the  direction  P  N,  that  is,  in  the  direction  of 
A's  motion,  with  the  very  velocity  with  which  A  passes 
through  P  in  the  same  direction,  and  it  is  under  the  influ- 
ence of  a  force  precisely  the  same  that  must  have  influenced 
A  in  the  same  place.  The  two  bodies  A  and  P  are  there- 
fore in  precisely  the  same  mechanical  condition;  in  the 
same  place ;  moving  in  the  same  direction ;  with  the  same 
velocity ;  deflected  by  the  same  intensity  of  force,  acting  in 
the  same  direction.     Their  motions  in  the  next  moment 
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cannot  be  different,  and  they  must,  at  the  end  of  the  mo- 
unt, be  again  in  the  same  condition ;  and  Una  must  con- 
tinue. A  describes  a  certain  eliipae ;  P  must  describe  the 
aune;  for  two  motions  that  are  different  cannot  result  from 
the  aune  force  acting  in  the  same  circumstances. 

This  demonstration  is  given  by  Sir  Isaac  Newton  in 
far  lines,  as  a  corollary  from  the  proposition  in  which  be 
deduces  die  law  of  planetary  deflection  from  the  motion  in 
a  conic  section.  But  it  seemed  necessary  here  to  expand 
1m  process  of  reasoning  a  little,  because  the  validity  of  the 
inference  has  been  denied  by  Mr  John  Bernoulli,  one  of 
the  first  mathematicians  of  that  age.  He  even  hinted  that 
Newton  had  taken  that  illogical  method,  because  he  could 
not  accommodate  his  list  proposition  to  the  particular  law 
of  gravitation  observed  in  the  system.  And  he  claims  to 
himself  the  honour  of  having  the  first  demonstrated  that  a 
centripetal  force,  inversely  as  the  square  of  the  distance, 
necessarily  produces  a  motion  in  a  conic  section.  The  ar- 
gument by  which  he  supports  this  bold  claim  is  very  singu- 
lar, coming  from  a  consummate  mathematician,  who  could 
not  be  ignorant  of  its  nullity ;  so  that  it  was  not  a  serious 
argument,  bat  a  trick  to  catch  the  uninformed.  Newton, 
ays  he,  might  with  equal  propriety  have  inferred,  from  the 
description  of  the  logarithmic  spiral  by  a  body  influenced 
by  a  force  inversely  proportional  to  the  cube  of  the  dis- 
tance, that  a  body  so  deflected  will  describe  the  logarithmic 
ipiril,  whereas  we  know  that  it  may  describe  the  hyperbolic 
spiral.  Not  satisfied  with  this  triumph,  he  attacks  New- 
ten's  process  in  his  41st  or  general  proposition  of  central 
forces,  saying  that  it  is  deduced  from  principles  foreign  to 
the  question ;  and,  after  all,  does  not  exhibit  the  body  in  a 
state  of  continued  motion,  but  merely  informs  us  where  it 
will  be  found,  and  in  what  condition,  in  any  assigned  mo- 
ment He  concludes  by  vaunting  his  own  process  as  ac- 
complishing all  that  can  be  wanting  in  the  problem. 

These  assertions  are  the  most  unfounded  and  bold 
Vol.  III.  K 
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vomitings  of  this  vainglorious  mathematician  ;  slid  his  own 
solution  is  a  manifest  plagiarism  from  the  writings  of  New- 
ton, except  in  the  method  taken  by  him  to  demonstrate 
the  lemma  which  he  as  well  as  Newton  premises.  New- 
ton's demonstration  of  this  lemma  is  by  the  purest  prin- 
ciples of  free  curvilineal  motion ;  and  it  is,  in  this 
respect,  a  beautiful  and  original  proposition.  Bernoulli 
considers  it  as  synonymous  with  motion  on  an  inclined 
plane;  with  which  it  has  no  analogy.  The  solution 
of  the  great  problem  by  Bernoulli  is,  in  every  princi- 
ple, and  in  every  step,  the  tame  with  Newton's ;  and  the 
only  difference  is,  that  Newton  employs  a  geometrical,  and 
Bernoulli  an  algebraical  expression  of  the  proceeding.  New- 
ton exhibits  continued  motion,  whereas  Bernoulli  employs 
the  differential  caculus,  which  essentially  exhibits  only  a 
succession  of  points  of  the  path.  It  is^ worth  the  student's 
while  to  read  Dr  KeuTs  Letter  to  John  Bernoulli,  and  his 
examination  of  this  boasted  solution  of  the  celebrated  pro- 
blem. But  it  ts  still  more  worth  his  while  to  read  New- 
ton's solution,  and  the  propositions  in  M'Laurin's  Fluxions 
and  Hermann's  Phoronomia,  which  are  immediately  con- 
nected with  this  problem.  This  reading  will  greatly  con- 
duce, to  the  forming  a  good  taste  in  disquisitions  of  this 
kind.* 

244.  Our  occupation  at  present  is  much  more  limited. 
We  are  chiefly  interested  to  shew  that  gravitation  produces 
an  elliptical  motion,  when  the  space  F  T,  along  which  the 
body  must  be  uniformly  impelled  by  the  force  as  it  exists 
in  P,  in  order  to  acquire  the  velocity  of  projection,  is  less 
than  F  S.  But  every  step  would  have  been  the  same, 
had  we  made  P  T  equal  to  P  S  (as  in  Fig.  24.)     But  we 


"  The  propositions  given  by  M.  do  Moivre  in  No  3SS.  of  the  Philo- 
tophical  Transactions,  and  those  by  Dr  Keill  in  No  SIT.  ind  340.  are 
peculiarly  simple  and  good. 
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should  then  have  found  that  when  the  angle  Q  P  s  is  made 
equal  to  Q  P  S,  the  line  P  *  will  be  parallel  to  S  Q,  so  that 
S  Q  will  not  intersect  it,  and  the  path  will  not  hare  another 
focus.  It  is  a  parabola,  of  which  PR  is  the  principal  para- 
meter. 

245.  We  shall  also  find  that  if  P  T  be  made  greater  than 
PS  (as  in  Pig.  9.)  the  line  Pi  (making  the  angles 
QPS  and  QP*  equal)  will  cut  SQ  on  the  other  side  of 
S,  so  that  S  and  *  are  on  the  same  side  of  Q.  The  path 
will  be  a  hyperbola,  of  which  P  R  is  the  principal  para- 

246.  This  restriction  to  the  conic  sections  plainly  follows 
from  the  tine  P  R,  the  third  proportional  to  P  O  and  P  Q, 
being  the  principal  parameter,  whether  the  path  be  an 
ellipse,  parabola,  hyperbola,  or  circle.* 


*  The  only  difficulty  in  the  inference  of  a  conic  section  as  the  ne- 
ctmtry  path  of  ■  projectile  influenced  by  ■  fori*  in  the  inrene  dupli- 
cate ratio  of  the  distance  from  the  centre,  has  arisen  from  the  practice 
of  the  algebraic  analysts,  of  defining  all  curve  lines  by  the  relation  of 
so  abscissa  to  parallel  ordinate*.  But  this  is  by  no  means  necessary ; 
and  all  nitres  which  enclose  space,  ore  as  naturally  referable  to  a  focus, 
snd  definable  by  the  relation  between  the  radii  and  a  circular  arch. 
An  equation  expressing  the  focal  chord  of  curvature  is  as  distinctive 
ss  the  nanal  equation,  and  leads  us  with  esse  to  the  chief  properties 
of  the  figure.     Therefore 

Let  S  P,  the  given  distance,  be  a,  and  any  indeterminate  distance  be 
z.  Let  the  perpendicular  S  N  (also  given  by  S  P  and  the  given  angle 
SPN)  be  b,  and  let  ^  be  the  perpendicular  and  o  the  fixal  chord  of 
curvature,  corresponding  to  the  distance  x.  Let  4  P  T  be  »  a*.  Then 
we  have 

l_  .    1  1.1 

b*d  "  p»?  "  &  '  *» 

pdifi-fqa* 

tliew&re   **  "  oT^s"'  "   H*  d  *  ? 

Let  —  d  —  e  then  q  -  ~ ,  which  is  an  equstien  to  a  conk  sectssn, 
«.  P* 
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It  remains  to  point  out  die  general  circumstances  of  tins 
elliptical  motion,  and  their  physical  connexions.  Fes:  this 
purpose,  the  following  proposition  is  useful 

847.  When  a. body  describes  any  curve  line  SDF  A 
(Fig.  26.)  by  means  of  a  deflecting  force  directed  to  a  focus 
S,  the  angle  S  P  N,  which  the  radius  vector  makes  with  the 
direction  of  the  motion,  diminishes,  if  the  velocity  in,  the 
point  P  be  less  than  what  would  enable  the  body'  to  de- 
scribe a  circle  round  S,  and  increases,  if  the  velocity  be 


If  the  velocity  of  the  body  in  P  be  less  than  that  which 
might  produce  a  circular  motion  round  S,  then  its  path  will 
coalesce  with  the  nascent  arch  Pp  of  a  circle  whose  de- 
flective chord  of  curvature  is  less  than  %  P  S.\  Let  iu 
half  be  P  O,  less  than  PS,  and  let  Pp  be  a  very  minute 
arch.  Draw  the  tangents  P  N,  p  n  and  the  perpendiculars 
SN,  S».  P  q  perpendicular  to  PN  will  meet  pq  perpen- 
dicular top»  {Pp  being  evanescent)  in  q  the  centre  of  cur- 
vature.    Draw  p  S  and  p  O. 

It  is  evident  that  the  angles  P  qp  and  P  Op  are  ulti- 
mately equal,  as  they  stand  on  the  same  arch  Pp  of  the 
equicurve  circle,  and  are,  respectively,  the  doubles  of  the 
angles  at  the  circumference.  F  qp  is  evidently  equal  to 
NSn.  Therefore  POo  is  equal  to  NSn,  and  PSo  it 
less  than  NSn.  Therefore  P  S  N  is  less  than  p  S  n,  and 
SPN  is  greater  than  Sp n.  Therefore  the  angle  S  P N 
diminishes  when  P  O  is  less  than  P  S,  that  is,  when  the 
velocity  in  P  is  less  than  what  would  enable  the  centripetal 
force  in  P  to  retain  the  body  in  a  circle  round  S. 


of  which  *  is  the  parameter,  S  ibe  focus,  and  P  N  •  tangent,  in  P. 
Now  t  is  a  given  magnitude,  because  a,  b,  d,  are  all  given.  Express- 
ing the  angle  S  PN  by  t,  we  have  e  -  d  x  sin.*  p.  See  also  for  the 
particular  case  of  a  force  pic  portion"*!  to  ^  the  dissertations  by  Dr 
Kcill  in  the  Pkil  Tram.  No  317.  and  No  340. 
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On  the  other  hand,  if  the  velocity  in  P  be  greater  than 
what  suit*  a  circular  motion  round  S,  it  is  plain  that  P  0 
will  be  greater  than  PS,  and  the  angle  PSo  will  be 
greater  than  NS«,  and  the  angle  P  S  N  greater  than 
pS*,  and  therefore  the  angle  SPN  will  be  less  than  Son, 

248.  Applying  this  observation  to  the  case  of  eUiptaeal 
motion,  we  get  a  more  distinct  notion  of  its  different  affec- 
tions, and  their  dependence  on  their  physical  causes. 

In  the  half  DAB  (Fig.  18.)  of  the  ellipse  described  by 
a  planet  round  the  gun  in  its  focus  S,  the  middle  point  of 
the  deflective  or  focal  chord  of  curvature  lies  between  the 
planet  and  the  focus.  Therefore,  during  the  whole  motion 
from  D  to  B,  along  the  semldlipse  DAB,  the  angle  con- 
tained between  the  radius  vector  and  the  line  of  the  planet's 
motion  is  continually  diminishing.  But  during  the  motion 
m  the  semieBipse,  B  P  D,  the  angle  is  continually  increas- 
ing. It  is  therefore  the  greatest  possible  in  Dj  and  the 
smallest  in  B. 

Let  the  planet  set  out  from  its  aphelion  A,  with  its  due 
velocity,  moving  in  the  direction  A  P.  The  velocity  in  A,' 
being  equal  to  that  acquired  by  a  uniform  acceleration 
along  one-fourth  of  the  parameter,  is  vastly  less  than  what 
would  make  it  move  m  the  circular  arch  A  L,  of  which  9 
is  the  centre,  and  the  planet  must  fall  within  that  circle. 
Therefore  its  path  will  no  longer  be  perpendicular  to  die 
radius  vector,  but  must  now  make  with  it  an  angle  some- 
what acute.  The  centripetal  force  therefore  is  now  resolv- 
able into  two  forces,  one  of  which  accelerates  the  planet's 
motion,  and  the  other  incurvates  its  path.  Its  direction 
brings  it  nearer  to  the  Sun.  While  in  the  quadrant  A  F  B, 
the  velocity  is  always  less  than  what  is  required  for  a  circu- 
lar motion.  For,  if  from  any  point  F  in  this  quadrant, 
F  G  be  drawn  perpendicular  to  the  tangent,  meeting  the 
transverse  axis  in  G,  and  if  G  H  be  drawn  perpendicular 
to  the  normal  F  G,  H  F  is  one  half  of  the  focal  chord  of 
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curvature,  and  H  lies  between  P  and  S.  Now,  it  hai  been 
shewn  that  when  this  is  the  case,  the  angle  SFn  diminishes, 
and,  with  it,  the  ratio  of  S  n  to  S  F  (this  ratio  is  that  of 
CB  to  the  semidiameter  CO,  the  conjugate  of  CF. 
Consequently,  there  will  be  continually  more  and  more 
of  the  centripetal  force  employed  in  accelerating  the  mo- 
tion, and  lew  employed  in  incurvatiog  the  path,  the  tint 
part  being  F  n  and  the  other  S  n.  When  the  planet  arrives 
at  B,  the  point  H  fails  upon  S,  and  the  velocity  is  precisely 
what  would  suffice  for  a  circular  motion  round  S,  if  the 
direction  of  the  motion  were  perpendicular  to  the  radius 
vector.  -  But  the  direction  of  the  motion  brings  it  still 
nearer  to  S.  A  great  part  of  the  centripetal  force  is  still 
employed  in  accelerating  the  motion;  and  the  moment  the 
planet  passes  B,  the  velocity  becomes  greater  than  what 
might  produce  a  circular  motion  round  S.  For  H  sow 
lies  beyond  S  from  B.  Therefore  the  angle  SEN,  which 
.  is  now  in  its  smallest  possible  state,  begins  to  open  again ; 
and  this  diminishes  the  proportion  of  the  centripetal  force 
which  accelerates  the  motion,  and  increases  the  proportion 
of  the  incurvating  force.  The  planet  is,  however,  still 
accelerated,  preserving  the  equable  description  of  areas. 
The  angle  SB  N  increases  with  the  increasing  velocity, 
and  becomes  a  right  angle,  when  the  planet  arrives  at  its 
perihelion  P. 

It  is  shewn,  by  writers  on  the  conic  sections,  that  the  chord 
P I  cut  off  from  any  diameter  P  A  by  the  equicurve  circle 
Pal,  is  equal  to  the  parameter  of  that  diameter.  There- 
fore the  centre  o  of  this  circle  lies  beyond  S.  The  planet, 
passing  through  P,  is  describing  a  nascent  arch  of  this 
circle.  Consequently,  the  curve  which  it  is  describing 
passes  without  a  circle  described  round  S,  and  the  planet  is 
now  receding  from  the  Sun.  This  is  usually  accounted  for, 
by  saying  that  its  velocity  is  now  too  great  for  describing  a 
circle  round  the  Sun.  And  this  is  true,  when  the  intensity 
of  the  deflecting  force  is  considered.     But  it  has  been 
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thought  difficult  to  account  for  the  planet  now  retiring  from 
the  Sun,  in  the  perihelion,  where  the  centripetal  force  is 
the  greatest  of  all — greater  than  what  has  already  been 
able  to  bring  it  continually  nearer  to  the  Sun.  We  are  apt 
to  expect  that  it  will  come  still  nearer.  But  die  fact  is,  that 
the  planet,  in  pawing  through  P,  is  realty  moving,  so  that, 
if  the  Sun  were  suddenly  transferred  to  o,  it  would  circu- 
late round  it  for  ever.  But,  in  describing  the  smallest  por- 
tion of  the  circle  P  a  J,  it  goes  without  the  circle  which  has 
S  for  its  centre,  and  its  motion  now  makes  an  obtuse  angle 
with  the  radius  vector,  although  it  is  perpendicular  to  a 
radius  drawn  to  o.  There  is  now  a  portion  of  the  centri- 
petal force  employed  in  retarding  the  motion  of  the  planet, 
and  its  velocity  is  now  diminished ;  and  the  angle  of  the 
radius  vector  and  the  path  is  now  increased,  by  die  same 
degrees  by  which  tbey  had  been  increased  and  diminished 
during  the  approach  to  the  Sun.  At  D,  the  planet  has  the 
same  distance  from  the  Sun  that  it  had  in  B,  and  the  same 
velocity.  The  angle  S  D  »  is  now  as  much  greater  than  a 
right  angle  as  S  B  N  was  leas ;  and  at  A,  it  is  reduced  to  a 
right  angle,  and  the  velocity  is  again  the  same'  as  the  first. 
In  this  way  the  planet  will  revolve  for  ever. 

It  was  shewn  m  Dynamics,  that  in  the  curvilineal  motion 
of  bodies  by  the  action  of  a  central -force,  the  velocities  are 
inversely  as  the  perpendiculars  from  the  centre'  of  forces 
on  the  lines  of  their  directions.  In  the  perihelion,  the  ra- 
dius vector  is  perpendicular  to  the  path.  The  perihelion 
distance  may  therefore  be  taken  as  the  unit  of  the  scale  on 
which  all  die  other  velocities  are  measured.  The  other 
velocities  may  therefore  be  considered  as  fractions  of  die 
perihelion  velocity,  which  is  the  greatest  of  all. 

In  elliptical  motions,  the  velocities  in  every  point  are 
as  the  perpendiculars  drawn  from  the  other  focus  on  the 
tangents  in  that  point.  For  the  perpendiculars  on  any  tan- 
gent drawn  from  the  two  foci  are  reciprocal. 

£49.  Hence  it  appears  that  if  a  body  Bets  out  from  P, 
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with  the  velocity  acquired  by  uniform  acceleration  along 
P  S»  and  describes  a  parabola  by  mean*  of  a  centripetal 
force  directed  to  S,  the  velocity  diminishes  without  limit 
For  the  perpendicular  drawn  from  tbc  focui  on  a  tangent 
to  a  parabola  may  be  greater  than  any  hoe  that  can  be  as- 
signed, if  the  point  in  tire  parabola  be  taken  sumbently 
remote  from  the  vertex. 

260-  If  the  body  set  out  from  P  with  a  velocity  exceed- 
ing what  it  would  acquire  by  uniform  acceleration  along 
P  S,  it  will  describe  a  hyperbola,  and  its  vekatty  will  di- 
minish continually.  But  it  will  never  be  leas  than  a  certain, 
determinable  magnitude,  to  which  it  continually  approxi- 
mate*. For  the  perpendicular  from  the  iboua  on  the  tan- 
gent in  the  moat  remote  point  of  the  hyperbola  that  can  he 
assigned,  is  still  leas  than  the  perpendicular  to  the  asymp- 
tote, to  which  the  tangent  continually  approaches. 

But,  when  the  velocity  in  the  perihelion  i»  leas  than  that 
acquired  by  uniform  acceleration  along  P  S,  there  will  al- 
ways be  a  limit  to  its  diminution  by  the  meets  from  the 
centre  of  force.  For  the  velocity  being  so  moderate,  the 
path  is  more  tneurvated  by  the  centripetal  force  t  bo  that 
the  body  is  made  to  describe  a  curve  which  baa  an  upper 
apsis  A,  as  well  as  a  lower  apsis  F.  The  body,  after  pass- 
ing through  A  at  right  angles  to.  the  radius  vector,  is  new 
accelerated,  because  its  path  now  makes  an  acute  angle 
with  the  radius  vector ;  and  thus  the  velocity  is  again  in- 
creased. 

251.  The  velocity  in  any  point  of  the  ellipse  described  » 
b)y  a  planet  is  to  the  velocity  that  would  enable  the  same 
force  to  retain  it  in  a  circle  at  the  same  distance,  in  the  sub* 
duplicate  ratio  of  its  distance  from  the  upper  fonu/'to  the 
semitransverse  axis.  That  is,  calling  the  elliptic  velocity 
V,  and  the  circular  velocity  v,  we  have  V* :  r*  =  P  « :  C  A. 
(Fig.Sft) 

For  («50.)  V»:  u»=PO:  FS. 

But  by  conic  aectknu  it  is  shewn  that  PO  X  C  A  Uequal 
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toCE'sPSxPt.     Therefore  PO:PSs--P*:CA 

252.  The  angufer  motion  in  the  ellipse  is  to  the  angular 
motion  in  a  circle  at  the  same  distance,  and  by  the  action 
of  the  same  force,  in  the  subdti plicate  ratio  of  half  the 
parameter  to  the  distance  from  S. 

Take  Pp,  a  small  arch  of  the  ellipse,  and,  with  the  centre 
S,  and  distance  S  F,  describe  the  circular  arch  P  a  V,  cut- 
ting Spin  x.  Make  Pn  to  P  V  as  the  velocity  in  the  el- 
lipse to  that  in  the  circle.  Then  it  is  plain  that  P  x  is  to 
P  V  as  the  angular  motion  in  the  ellipse  is  to  the  angular 
motion  in  the  circle. 

The  angle  stPp  being  the  complement  of  NFS  (because 
NP  may  be  considered  as  coinciding  with  pP)  it  is  equal 
toNSP.    Therefore, 

Px* :  Pp?  =  SN* :  SP\  =  PQ*  :  PO* 

therefore        Px*  :  Pp*  =  PR  :  PO 

but  Pp>  :  PV*  =  PO  :  PS 

therefore        Px*  :  PV*  =  PR :  PS. 

Car.    The  angular  motion  in  the  circle  exceeds  that  in 

the  ellipse,  when  the  point  K  has  between  P  and  S,  and 

falls  short  of  it  when  R  lies  beyond  S.     They  are  equal 

when  FS  is  perpendicular  to  AC,  or  when  tbe-true  anomaly 

of  the  planet  is  90°.     For  then  R  and  S  coincide.     Here 

the  approach  to  9  is  most  rapid. 

253.  In  any  point  of  the  ellipse,  the  gravitation  or  cen- 
tripetal force  is  to  that  which  would  produce  the  same  an- 
gular motion  in  a  circle,  at  the  same  distance  from  the  Sun, 
SB  this  distance  is  to  half  the  parameter,  that  is,  as  PS  to 
PR. 

For,  by  the  last  proposition,  when  the  forces  in  the  cir- 
cle and  ellipse  are  the  same,  the  angular  motion  in  the  cir- 
cle was  to  that  in  the  ellipse'  as  PV  to  Px,  which  has  been 
shewn  to  be  as  VPS  toVPR,  Therefore,  when  the  an- 
gular velocity  in  the  circle,  and  consequently  the  real  velo- 
city, is  changed  from  PV  to  Px,  in  order  that  H  may  be 
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the  same  with  that  in  the  ellipse,  the  centripetal  force  must 
be  changed  in  the  proportion  of  PV*  to  Pa*,  that  is,  of 
PS  to  PR.  Therefore  the  force  which*  retains  the  body 
in  the  ellipse  is  to  that  which  will  retain  it  with  the  same 
angular  motion  in  a  circle  at  that  distance  as  PS  to  PR. 

These  are  the  chief  affections  of  a  motion  regulated  by 
a  centripetal  force  in  the  inverse  duplicate  ratio  of  the  dis- 
tance from  the  centre  of  forces.  The  comparison  of  them 
with  motions  in  a  circle  gives  us,  in  most  cases,  easy  means 
of  stating  every  change  of  angular  motion,  or  of  approach 
to  or  recess  from  the  centre,  by  means  of  any  change  of 
centripetal  force,  or  of  velocity. 

Such  changes  frequently  occur  in  the  planetary  spaces ; 
and  the  regular  elliptical  motion  of  any  individual  planet, 
produced  by  its  gravitation  to  the  Sun,  is  continually  dis- 
turbed by  its  gravitation  to  the  other  planets.  This  dis- 
turbance is  proportional  to  the  square  of  the  distance  from 
the  disturbing  planet  inversely,  and  to  the  quantity  of 
matter  in  that  planet  directly.  Therefore,  before  we  can 
ascertain  the  disturbance  of  the  Earth's  motion,  for  exam- 
ple, by  the  action  of  Jupiter,  we  must  know  the  propor- 
tion of  the  quantity  of  matter  in  Jupiter  to  that  in  the 
Sun.  This  may  seem  a  question  beyond  the  reach  of  hu- 
man understanding.  But  the  Newtonian  philosophy  fur- 
nishes us  with  infallible  means  for  deciding  it. 

Of  the  Quantity  of Matter  m  the  Sun  and  Planets. 

Sincb  it  appears  that  the  mutual  tendency  which  we 
have  called  Gravitation  is  competent  to  every  particle  of 
matter,  and  therefore  the  gravitation  of  a  particle  of  matter 
to  any  mass  whatever,  is  the  sum  or  aggregate  of  its  gra- 
vitation to  every  atom  of  matter  in  that  mass, — it  follows, 
that  the  gravitation  to  the  Sun,  or  to  a  planet  is  propor- 
tional to  the  quantity  of  matter  in  the  Sun  or  the  planet 
As  the  gravitation  may  thus  be  computed,  when  we  know 
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the  quantity  of  matter,  bo  this  may  be  computed  when  we  . 
know  the  gravitation  towards  it     Hence  it  is  evident,  that 
we  can  ascertain  the  proportion  of  the  quantities  of  matter 
in  any  two  bodies,  if  we  know  the  proportion  of  the  gravi- 
tations toward  them. 
254.    The  tendency  toward  a  body,  of  which  m  is  the 

quantity  of  matter,  and  d  the  distance,  is  =-*•    It  is  this 

tendency  which  produces  deflection  from  a  straight  line, 
and  it  is  measured  by  this  deflection.  Now  this,  in  the 
case  of  the  planets,  is  measured  by  the  distance  at  which 
the  revolution  is  performed,  and  the  velocity  of  that  re- 
volution. We  found,  that  this  combination  is  express- 
ed by  the  proportional  equation  g  ==  — ,,  where  p  is  the 


3»=^' 


periodic  time.     Therefore  we  have 

quently,  m  ==— r 

By  this  means  we  can  compare  the  quantity  of  matter 
in  all  such  bodies  as  have  others  revolving  round  them. 
Thus,  we  may  compare  the  Sun  with  the  Earth,  by  com- 
paring the  Moon's  gravitation  to  the  Earth  with  the  Earth's 
gravitation  to  the  Sun.  It  will  be  convenient  to  consider 
the  Earth  as  the  unit  in  this  comparison  with  the  other ' 
bodies  of  the  system. 

The  Sun's  distance  in  miles  is         -  93726900 

The  Moon's  distance  -  -  240144 

The  Earth's  revolution  (sidereal)  days  365,25 

The  Moon's  sidereal  revolution  (days)    -        27,822 
T.   _-      98726900' x  27,322*       Wfiffl 

Therefora  mmxm&  =  332669- 

But  this  must  be  increased  by  about  ,'„,  because  the  gravi- 
tation to  the  Earth  is  stated  beyond  its  real  value,  by  the 
supposition,  that  the  revolution  of  the  Moon  is  performed 
round  the  centre  of  the  Earth,  whereas  it  is  really  per- 
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farmed  round  their   common  centra      Thus   increased, 
'   the  Sun's  quantity  of  matter  may  be  estimated  at  337482 
times  that  of  this  Earth. 

It  must  be  observed,  that  this  computation  is  not  of  very 
great  accuracy.  It  depends  on  the  distance  of  the  Sun ; 
and  any  mistake  in  this  is  accompanied  by  a  similar  mis* 
take,  but  in  a  triplicate  proportions  Now  our  estimation 
of  the  Sun's  distance  depends  entirely  on  the  Sun's  hori- 
Eoiital  parallax,  as  measured  by  means  of  the  transits  of 
Venus.  The  error  of  ^  of  a  second  in  this  parallax  (which 
is  only  about  8",7  or  8",8)  will  induce  an  error  of  ^  of 
the  whole. 

In  like  manner,  we  compare  Jupiter  with  the  Earth,  by 
comparing  the  gravitation  of  the  first  satellite  with  that  of 
the  Moon,  This  makes  Jupiter  about  31S  times  more 
massive  than  the  Earth. 

The  quantity  of  matter  in  Saturn  deduced  from  the  re- 
volution of  his  second  Cassinian  satellite,  is  about  108  time* 
that  of  the  Earth. 

Herschel's  planet  contains  about  17  times  as  much  mat- 
ter as  our  globe,  as  we  learn  by  the  revolution  of  its  first 
satellite. 

We  have  no  such  means  for  obtaining  a  knowledge  of 
the  quantity  of  matter  in  Venus,  Man,  or  Mercury. 
These  are  therefore  only  guessed  at,  by  means  of  certain 
physical  considerations  which,  afford  some  data  for  -an  opi- 
nion. Venus  is  thought  to  be  about  JJ  of  the  Earth, 
Mars  about  \,  and  Mercury  about  Ty.  But  these  are  very 
vague  guesses.  We  judge  of  the  Moon's  quantity  of  mat- 
ter with  some  more  confidence,  by  comparing  the  influeace 
of  the  Sun  and  Moon  on  the  tides,  and  on  the  precession 
of  the  equinoxes.  The  Moon  is  supposed  about  fa  of  the 
Earth. 

From  this  comparison  it  will  appear,  that  the  Sun  con- 
tains nearly  800  times  as  much  matter  as  all  the  planets 
combined  into  one  mass.     Therefore  the  gravitation  to  the 
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Sua  m  much  exceeds  that  of  any  one  planet  to  another, 
that  their  mutual  disturbances  are  but  inconsiderable. 

255.  The  proportion  of  the  quantities  of  matter,  dis- 
covered by  this  process  of  reasoning,  is  very  different  from 
what  we  should  have  deduced  from  the  observed  bulk  of 
the  different  bodies..  Thus,  Saturn's  diameter  being  about 
ten  times  that  of  the  Earth,  we  should  have  inferred,  that 
he  contained  a  thousand  times  as  much  matter,  whereas 
be  contains  only  about  103  or  104-.  We  must  therefore 
conclude,  that  the  densities  of  the  Sun  and  planets  are  very 
different.  Still  taking  the  Earth  as  the  unit  of  the  scale, 
and  combining  the  ratios  of  the  bulks  and  the  quantities  of 
master,  we  may  say,  that  the  density  of 

The  Sun  is  -  ■  0,25 

Venus  -  -  -        1,87 

Earth  ...  1 

Mars        ....        0,78 
Jupiter  -  0,292 

Saturn       ...  .        0,184 

_  Georgian  Planet         .  -  0,212 

It  appears,  by  this  statement,  that  the  density  of  the 
planets  is  less,  as  they  are  more  remote  from  the  centre  of 
revolution.  Herschel's  planet  is  an  exception ;  but  a  small 
change  on  Ins  apparent  diameter,  not  exceeding  half  a  se- 
cond, -will  perfectly  reconcile  them. 

256.  Knowing  the  quantity  of  matter,  and  the  diameter 
of  the  bodies  of  the  system,  we  can  easily  tell  the  accele- 
rauve  force  of  gravity  acting  on  a  body  at  their  surfaces 
by  article  465,  that  is,  what  velocity  gravity  will  generate 
b  a  second  of  time,  or  how  far  a  body  will  fall  in  a  second. 
In  like  manner,  we  can  tell  the  pressure  occasioned  by-  the 
weight  or  heaviness  of  a  body,  as  this  may  be  measured  by 
the  scale  of  a  spring  steelyard,  graduated  by  additions  of 
equal  known  pressures.  It  cannot  be  measured  by  a  bal- 
ance, which  only  compares  one  mass  of  equally  heavy  mat- 
ter with  another. 
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Thus,  the  space  fallen  through,  and  the  apparent  weight 
of  a  lump  of  matter,  by  a  spring  steelyard,  will  be 

Falliml'.     WeigH. 
At  the  surface  of  the  Sun        -  461  feet      38,8 

Earth  -       16,09  1 

Jupiter     -        41,64  8,6 

Saturn        -     14,4  0,89 

Henchel  18,7  1,16 

Of  the  Mutual  Disturbances  of  the  Planetary  Motioiu. 

257.  The  questions  which  occur  in  this  department  of 
the  study  are  generally  of  the  moat  delicate  nature,  .and 
require  the  most  scrupulous  attention  to  a  variety  of  cir- 
cumstances. It  is  not  enough  to  know  the  direction  and 
intensity  of  the  disturbing  force  in  every  point  of  the  pla- 
net's motion.  We  must  be  able  to  collect  into  one  aggre- 
gate the  minute  and  almost  imperceptible  changes  that 
have  accumulated  through  perhaps  a  long  tract  of  time, 
during  which  the  forces  are  continually  changing,  both  in 
direction  and  in  intensity,  and  are  frequently  combined 
with  other  forces.  This  requires  the  constant  employment 
of  the  inverse  method  of  fluxions,  which  is  by  for  the  most 
difficult  department  of  the  higher  geometry,  and  is  still  in 
an  imperfect  state.  These  problems  have  been  exclusively 
the  employment  of  the  most  eminent  mathematicians  of 
Europe,  the  only  persons  who  are  in  a  condition  to  improve 
the  Newtonian  philosophy ;  and  the  result  of  their  labours 
has  shewn,  in  the  clearest  manner,  its  supreme  excellence, 
and  total  dissimilitude  to  all  the  physical  theories  which 
have  occupied  the  attention  of  philosophers  before  the  days 
of  the  admired  inventor.  For  the  seeming  anomalies  that 
are  observed  in  the  solar  system  are,  all  of  them,  the  con- 
sequences of  the  universal  operation  of  one  simple  force, 
without  the  interference  of  any  other,  and  are  all  suscepti- 
ble of  the  most  precise  measurement  and  comparison  with 
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observation ;  ao  that  what  we  choose  to  call  anomalies,  ir- 
regularities, and  disturbances,  are  as  much  the  result  of 
the  general  pervading  principle  as  the  elliptical  motions, 
of  which  they  are  regarded  as  the  disturbances. 

It  is  in  this. part  of  the  study,  also,  in  which  the  pene- 
trating and  inventive  genius  of  Newton  appears  most  con- 
spicuously. The  first  law  of  Kepler,  the  equable  descrip- 
tion of  areas,  led  the  way  to  all  the  rest,  and  made  the  de- 
tection of  the  law  of  planetary  force  a  much  easier  task. 
But  the  moat  discriminating  attention  was  necessary  for  se- 
parating from  each  other  the  deviations  from  simple  ellip- 
tical motion  which  result  from  the  mutual  gravitation  of 
the  planets,  and  a  consummate  knowledge  of  dynamics  for 
computing  and  summing  up  all  those  deviations.  The 
science  was  yet  to  create ;  and  it  is  chiefly  to  this  that  the 
first  book  of  Newton's  great  work  is  dedicated.  He  has 
given  the  most  beautiful  specimen  of  the  investigation  in 
his  theory  of  the  lunar  inequalities.  To  every  one  who 
has  acquired  a  just  taste  in  mathematical  composition,  that 
theory  will  be  considered  as  one  of  the  most  elegant  and 
plewnng  performances  ever  exhibited  to  the  public.  It  is 
true,  that  it  is  but  a  commencement  of  a  most  delicate  and 
difficult  investigation,  which  has  been  carried  to  successive 
degrees  of  much  greater  improvement,  by  the  unceasing  la- 
bours of  the  first  mathematicians.  But  in  Newton's  work 
are  to  be  found  all  the  helps  for  the  prosecution  of  it,  and 
the  first  application  of  his  new  geometry,  contrived  on  pur- 
pose ;  and  all  the  steps  of  the  process,  and  the  methods  of 
proceeding,  are  pointed  out — all  of  Newton's  invention, 
rud  matheaijacem  praeftrente. 

It  must  be  farther  remarked,  that  the  knowledge  of  the 
anomalies  of  the  planetary  motions  is  of  the  greatest  im- 
portance. Without  a  very  advanced  state  of  it,  it  would 
have  been  impossible  to  construct  accurate  tables  of  the 
lunar  motions.  But  by  the  application  of  this  theory, 
Mayer  has  constructed  tables  so  accurate,  that,  by  observ- 
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iug  the  distance  of  the  Moon  (tarn  a  properly  selected  star, 
the  longitude  may  be  found  at  sea  with  an  exactness  quite 
sufficient  for  navigation.  This  method  is  now  universally 
practised  on  board  of  our  East  India  ships.  This  requires 
such  accurate  theory  and  tables  of  the  Moon's  motion,  that 
we  must  at  all  times  be  able  to  determine  her  place  within 
the  30th  part  of  her  own  diameter.  Yet  the  Moon  is  sub- 
ject to  more  anomalies  than  any  other  body  in  the  solar 
system. 

But  the  study  is  no  less  valuable  to  the  speculative  phi- 
losopher. Few  things  are  more  pleasing  than  the  being 
able  to  trace  order  and  harmony  in  the  midst  of  seeming 
confusion  and  derangement.  No  where,  in  the  wide  range 
of  speculation,  is  order  more  completely  effected.  Ail  the 
seeming  disorder  terminates  in  the  detection  of  a  clan  of 
subordinate  motions,  which  have  regular  periods  of  in- 
crease and  diminution,  never  arising  to  a  magnitude  that 
makes  any  considerable  change  in  the  simple  elliptical  mo- 
tions ;  so  that,  finally,  the  solar  system  seems  calculated 
for  almost  eternal  duration,  without  sustaining  any  devia- 
tion from  its  present  state  that  will  be  perceived  by  any 
besides  astronomers.  The  display  of  wisdom,  in  the  se- 
lection of  this  law  of  mutual  action,  and  in  accommodating 
it  to  the  various  circumstances  which  contribute  to  this 
duration  and  constancy,  is  surely  one  of  the  most  engaging 
objects  that  can  attract  the  attention  of  mankind. 

In  this  elementary  course  of  instruction,  we  cannot  give 
a  detail  of  the  mutual  disturbances  of  the  planetary  mo- 
tions. Yet  there  are  points,  both  jn  respect  of  doctrine 
and  of  method,  which  may  be  called  elementary,  in  rela- 
tion to  this  particular  subject.  It  is  proper  to  consider 
these  with  some  attention. 

258.  The  regularity  of  the  motions  of  a  planet  A  round 

the  Sun  would  not  be  disturbed  by  the  gravitation  of  both 

to  another  planet  B,  if  the  Sun  and  the  planet  A  gravitate 

to  B  with  equal  force,  and  in  the  same  or  in  a  parallel  dt-  - 

7 
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The  disturbance  arises  entirely  from  the  Ine- 
quality and  the  obliquity  of  the  gravitations  of  the  Sun 
and  of  the  planet  A  to  B.  The  manner  in  which  these 
disturbances  may  be  considered,  and  the  grounds  of  com- 
putation, will  be  more  clearly  understood  by  an  example. 

Let  S  (Fig.  87.)  represent  the  Sun,  £  the  Earth,  and 
J  the  planet  Jupiter;  Let  it  be  farther  supposed  (which 
may  be  done  without  any  great  error)  that  the  Earth  and 
Jupiter  describe  concentric  circles  round  the  Sun,  and  that 
the  Sun  contains  1000  times  as  much  matter  as  Jupiter. 
Make  JS  to  EA  as  the  square  of  E  J  to  the  square  of  S  J. 
Then,  if  we  take  S  J  to  represent  the  gravitation  of  the 
Sun  to  Jupiter,  it  is  plain  that  EA  will  represent  the  gra- 
vitation of  the  Earth,  placed  in  E,  to  Jupiter.  DrawEB, 
parallel  and  equal  to  J  S,  and  complete  the  parallelogram 
EBAD.  The  force  with  which  Jupiter  deranges  the 
motion  of  the  Earth  round  the  Sun  will  be  represented  by 
ED. 

For  the  force  E  A  is  equivalent  to  the  combined  forces 
E  B  and  E  D.  But  if  the  Sun  and  Earth  were  impelled 
only  by  the  equal  and  parallel  forces  S  J  and  E  B  acting 
on  every  particle  of  each,  it  is  plain,  that  their  relative  mo- 
tions would  not  be  affected  (98.)  It  is  only  by  the  impul- 
sion arising  from  the  force  E  D,  that  their  relative  sitiuv 
lions  will  sustain  any  derangement. 

259.  This  derangement  is  of  two  kinds,  affecting  either 
the  gravitation  of  the  Earth  to  the  Sun,  or  her  angular 
motion  round  him.  Let  E  D  be  considered  as  the  diag- 
onal of  a  rectangle  EFD6,  EG  lying  in  the  direction  of 
the  radius  S  E,  and  E  F  being  in  the  direction  of  the  tan- 
gent to  the  Earth's  orbit.  It  is  plain  that  the  force  E  G 
affects  the  Earth's  gravitation  to  the  Sun,  while  EF  affects 
the  motion  round  him.  As  EG  is  in  the  direction  of  the 
radius,  it  has  no  tendency  to  accelerate  or  retard  her  mo- 
tion round  the  Sun.  EF,  on  the  other  hand,  does  not  af- 
fect the  gravitation,  but  the  motion  in  the  curve  only. 

Vol.  Ill-  L 
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T"his  disturbing  force  ED  varies,  both  in  direction  and 
magnitude,  by  a  variation  in  the  Earth's  position  in  rela- 
tion to  the  Sun  and  Jupiter.  Thus,  in  Fig.  A,  which  re- 
presents the  Earth  as  almost  arrived  at  the  conjunction 
with  Jupiter,  having  Jupiter  near  his  opposition  to  the 
Sun,  the  force  EG  greatly  diminishes  the  Earth's  gravita- 
tion to  the  Sun,  and  the  force  E  F  accelerates  her  motion' 
round  him  in  the  order  of  the  letters  E  C  P  O  Q.  In  Fig. 
B,  the  force  E  G  still  diminishes  the  Earth's  gravitation  to 
the  Sun,  but  E  F  retards  her  motion  from  O  to  Q.  In 
Fig.  C,  E  G  increases  the  Earth's  gravitation  to  the  Sun, 
and  E  F  accelerates  her  motion  round  him.  It  appears 
very  plainly,  that  the  motion  round  the  Sun  is  accelerated 
in  the  quadrants  Q  C  and  P  O,  and  is  retarded  in  the 
quadrants  C  P  and  O  Q.  We  may  also  see,  that  the  gra- 
vitation to  the  Sun  is  increased  in  the  neighbourhood  of 
the  points  P  and  Q,  but  is  diminished  in  the  neighbour- 
hood of  C  and  0,  and  that  there  is  an  intermediate  point 
in  each  quadrant  where  the  gravitation  suffers  no  change. 
The  greatest  diminution  of  the  Earth's  gravitation  to  the 
Sun  must  be  in  C,  when  Jupiter  is  nearest  to  the  Earth, 
in  the  time  of  his  opposition  to  the  Sun. 

We  also  see,  very  plainly,  how  all  these  disturbing  forces 
may  be  precisely  determined,  depending  on  the  proportion 
of  E I  to  ES  and  to  S  I.  Nor  is  the  construction  restrict- 
ed to  circular  orbits.  Each  orbit  is  to  be  considered  in  its 
true  figure,  and  the  parallelogram  EGDF  is  not  always 
a  rectangle,  but  has  the  side  E  F  lying  in  the  direction  of 
the  tangent.  But  we  believe  tbat  the  computation  is  found 
to  be  sufficiently  exact,  without  considering  the  parallelo- 
gram E  G  D  F  as  oblique.  The  eccentricity  of  Jupiter's 
orbit  must  not  be  neglected,  because  it  amounts  to  a  fourth 
part  of  the  Earth's  distance  from  the  Sun. 

We  have  taken  the  Sun's  gravitation  to  Jupiter  as  the 
scale  on  which  the  disturbing  forces  are  measured;  but 
this  was  for  the  greater  facility  of  comparing  the  disturb- 
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iug  forces  with  each  other.  But  they  most  be  compared 
with  the  Earth's  gravitation  to  the  Sun,  in  order  to  learn 
their  effect  on  her  motions.  It  will  be  exact  enough  for 
the  present  purpose,  of  merely  explaining  the  method,  to 
suppose  Jupiter's  mean  distance  five  times  the  Earth's 
from  the  Sun,  and  that  the  quantity  of  matter  in  the  Sun 
is  1000  times  that  of  Jupiter-  Therefore  the  Earth's  gra- 
vitation to  the  Sun  must  be  25000  times  greater  than  to  Ju- 
piter, when  the  Earth  is  about  P  or  Q.  When  the  Earth 
is  at  C,  her  gravitation  to  Jupiter  is  increased  in  the  pro- 
portion of  4*  to  5%  and  it  is  now  IBDbd  of  her  gravitation 
to  the-  Sun.  When  the  Earth  is  in  O,  her  gravitation  to 
Jupiter  is  IBJas  of  her  gravitation  to  the  Sun. 

But  we  are  not  to  imagine,  that  when  the  Earth  is  at 
C,  her  motion  relative  to  the  Sun  is  affected  in  tile  same 
manner  as  if  TBaBD  of  her  gravitation  were  taken  away. 
For  we  must  recollect,  that  the  Sun  also  gravitates  to  Ju- 
piter, or  is  deflected  toward  him,  and  therefore  toward  the 
Earth  at  C.  The  diminution  of  the  relative  gravitation  of 
tbe  Earth  is  not  to  be  measured  by  E  A,  but  by  EG.  AH 
tfte disturbing  forces,  EG-  and  EP,  corresponding  to  every 
yoaGuti  of  the  Earth  and  Jupiter,  must  be  considered  as 
fractions  of  S  J,  the  measure  taken  for  the  mean  gravita- 
tion to  Jnpiter.  This  is  arDrin  °*  th*  Earth's  gravitation 
to1  the  Sun. 

itfeasuritfg  in  this  way,  We  shall  find,  that  when  the 
Earth  iS  at  P  ot  Q,  her  gravitation  to  the  Sun  is  increased1 
by  iBj^juj.  For  FS  or  QS  will,  in  this  case,  come  in 
the  place  of  EG  hVFig.  C,  and  there  will  be  no  such  force 
as'EF.  AtC,  the  Earth's  gravitation  is  diminished  j  j  Ju, 
■ntfatO,  „jBH. 

To  be  able  to  ascertain  the  magnitude  of  the  disturbing 
force  in  the  different  situations  of  the  Earth,  is  but  a  very 
ahwlt  part  of  the  task.  It  only  gives  us  the  momentary 
impulsion.  We  must  ascertain  the  accumulated  effect  of 
the  action  during'  a  certain  time,  or  along  a  Certain  portion 
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of  the  orbit  of  the  disturbed  planet.  This  is  the  celebrated 
problem  of  three  bodies,  as  it  is  called,  which  has  employed 
the  utmost  efforts  of  the  great  mathematicians  ever  since 
the  time  that  it  first  appeared  in  Newton's  lunar  theory. 
It  can  only  be  solved  by  approximation ;  and  even  this 
solution,  except  in  some  very  particular  cases,  is  of  the  uL- 
iQost  difficulty,  which  shews,  by  the  way,  the  folly  of  all 
who  pretend  to  explain  the  motions  of  the  planets  by  the 
impulsions  of  fluids,  when  not  three,  but  millions  of  par- 
ticles are  acting  at  once. 

We  have  to  ascertain,  in  the  first  place,  the  accumu- 
lated effect  of  the  acceleration  and  retardation  of  the  angu- 
lar motion  of  the  Earth  round  the  Sun.  The  general  pro- 
cess is  one  of  the  two  following. 

\*t.  Suppose  it  required  to  determine  bow  far  the  at- 
traction of  Jupiter  has  made  the  Earth  overpass  the  qua- 
drantal  arch  Q  C  of  her  annual  orbit.  The  arch  is  sup- 
posed to  be  unfolded  into  a  straight  line,  and  divided  into 
minute  portions,  described  in  equal  times.  At  each  point 
of  division  is  erected  a  perpendicular  ordinate,  equal  to  the 
accelerating  disturbing  force  EF  corresponding  to  that 
point.  A  curve  line  is  drawn  through  the  extremities  of 
those  ordinates.  The  unfolded  arch  being  considered  as 
the  representation  of  the  time,  and  the  ordinates  as  the  ac- 
celerating forces,  it  is  plain  that  the  area  will  represent  the 
acquired  velocity.  Now,  let  another  figure  be  constructed 
having  an  abscissa  to  represent  the  time  of  the  motion. 
But  the  ordinates  must  now  be  made  proportional  to  the 
areas  of  the  last  figure.  It  is  plain,  from  a  former  article, . 
that  the  area  of  this  new  figure  will  represent,  or  be. 
proportional  to  the  spaces  described,  in  consequence  of  the 
action  of  the  disturbing  force ;  and  therefore  it  will  ex- 
press, nearly,  the  addition  to  the  space  described  by  the 
undisturbed  planet,  or  the  diminution,  if  the  accelerations 
have  been  exceeded  by  the  retardations. 

The  other  method  is,  to  make  the  unfolded  arch  the 
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space  described,  and  the  ordinates  the  accelerations,  an  be- 
fore. The  area  now  represents  the  augmentation  of  the 
square  of  the  velocity.  rA  second  figure  is  now  con- 
structed, having  (he  same  abscissa  now  representing  the  time. 
The  ordinates  are  made  proportional  to  the  square  roots  of 
the  areas  of  the  first  figure,  and  they  will  therefore  represent 
the  velocities.  The  areas  of  this  new  figure  will  represent 
the  spaces,  as  in  the  first  process,  to  be  added  to  the  arch 
described  by  the  undisturbed  planet,  or  subtracted  from  it. 

260.  All  this  being  a  task  of  the  utmost  labour  and  dif- 
ficulty, the  ingenuity  of  the  mathematicians  has  been  ex- 
ercised in  facilitating  the  process.  The  penetrating  eye  of 
Newton  perceived  a  path  which  seemed  to  lead  directly  to 
the  desired  point.  All  the  lines  which  represent  the  dis- 
turbing forces  are  lines  connected  with  circular  arches,  and 
therefore  with  the  circular  motion  of  the  planet  The 
main  disturbing  force  ED  is  a  function  of  the  angle  of 
commutation  C  S  E,  and  E  F  and  E  G  are  the  sine  and 
cosine  of  the  angle  D  E  G.  Newton,  in  his  lunar  theory, 
has  given  most  elegant  examples  of  the  summation  of  all 
the  successive  lines  E  F  that  are  drawn  to  every  point  of 
the  arch.  Sometimes  he  finds  the  sums  or  accumulated 
actions  of  the  forces  expressed  by  the  sine  of  an  arch ; 
sometimes  by  the  tangent ;  by  a  segment  of  the  circular 
area,  &c.  &c  Sic.  Euler,  D'Alembert,  De  la  Grange, 
Simpson,  and  other  illustrious  cultivators  of  this  philoso- 
phy, have  immensely  improved  the  methods  pointed  out 
and  exemplified  by  Newton,  and,  by  more  convenient  re- 
presentations of  the  forces  than  this  elementary  view  will 
admit,  have  at  last  made  the  whole  process  tolerably  easy 
and  plain.  But  it  is  still  only  fit  for  adepts  in  the  art  of 
symbolical  analysis.  Their  processes  are  in  general  so  re- 
condite and  abstruse,  that  the  analyst  loses  oil  conception, 
either  of  motions  or  of  forces,  and  his  mind  is  altogether 
occupied  with  the  symbols  of  mathematical  reasoning. 

261.  The  second  part  of  the  task,  the  ascertaining  the 
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accumulated  effect  of  the  force  K  G,  is,  in  general,  much 
more  difficult.  It  includes  both  the  changes  made  on  the 
radius  vector  S  E,  and  the  change  made  in  the  curvature 
of  the  orbit.  The  department  of  mathematical  science, 
immediately  subservient  to  this  purpose,  is  in  a  more  im- 
perfect state  than  the  quadrature  of  curves.  The  process 
is  carried  on  almost  entirely  by  means  of  converging  se- 
rieses.  We  cannot  add  any  thing  here  that  tends  to  make 
it  plainer.  The  lunar  theory  of  Newton,  with  the  com- 
mentary of  Le  Seur  and  Jacquier,  commonly  called  the 
Jesuits'  Commentary,  gives  very  good  examples  of  the  me- 
thods which  must  be  followed  in  this  process.  We  must 
refer  to  the  works  of  Euler,  Clairaut,  Simpson,  and  De  la 
Flare,  on  the  perturbations  of  Jupiter  and  Saturn,  &c  and 
content  ourselves  with  merely  pointing  out  some  of  the 
more  general  and  obvious  consequences  of  this  mutual  ac- 
tion of  the  planets.  La  Lande  has  given  in  his  astronomy 
a  very  good  synopsis'  of  the  most  approved  method.  In 
the  Tracts,  Physical  and  Mathematical,  by  l)r  Matthew 
Stewart,  and  in  his  Essay  on  the  Distance  of  the  Sun,  are 
some  beautiful  specimens  of  the  geometrical  solutions  of 
'   these  problems. 

262.  When  we  consider  the  motion  of  an  inferior  pla- 
net, disturbed  by  its  gravitation  to  a  superior  planet,  we 
see  that  the  inferior  planet  is  retarded  in  the  quadrants 
C  P  and  O  Q,  and  accelerated  in  the  quadrants  P  0  and 
Q  C  of  its  synodical  period.  Its  orbit  is  more  incurvated 
in  the  vicinity  of  the  points  F  and  Q,  and  its  curvature  is 
diminished  in  the  vicinity  of  the  points  O  and  C,  and  most 
of  all  in  the  vicinity  of  C  in  the  line  of  conjunction  with 
the  superior  planet.  Therefore,  if  the  aphelion  and  peri- 
helion of  the  inferior  planet  should  chance  to  be  near  the 
line  JCSO  of  the  synodical  motion,  these  points  will  seem 
to  shift  forward.  For,  the  gravitation  of  the  inferior  pla- 
net to  the  Sun  being  diminished,  it  will  not  be  able  so  soon 
to  bend  its  path  to  a  right  angle  with  the  radius  vector. 
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On  tbe  other  hand,  should  the  apsides  of  the  inferior  orbit 
be  near  the  hoe  P  S  Q,  the  increase  of  the  inferior  planet's 
gravitation  to  the  Sun  must  sooner  produce  this  effect,  and 
it  will  arrive  sooner  at  its  aphelion  .or  perihelion,  or  those 
points  will  seem  to  come  westward  and  to  meet  it.  .And 
thus,  in  every  synodicai  revolution,  the  apsides  of  the  inferior 
planet  will  twice  advance  and  twice  retreat,  as  if  the  elhp- 
tical  orbit  shifted  a  little  to  the  eastward  or  westward.  But 
as  the  diminution  of  the  inferior  planet's  gravitation  to  tbe 
Sun  is  much  greater  when  it  is  in  the  line  C  S  0  than  the 
augmentation  of  it  when  in  the  line  P  S  Q,  the  advances 
of  the  apsides,  in  the  course  of  a  synodicai  period,  will  ex- 
ceed tbe  retreats,  and,  on  the  whole,  they  will  advance. 

All  these  derangements,  or  deviations  from  tbe  simple 
elliptical  motion,  are  distinctly  observed  in  the  heavens ; 
and  the  calculated  effect  on  each  planet  corresponds  with 
what  is  observed,  with  all  the  precision  that  can  be  wished 
for.  It  is  evident  that  this  calculation  must  be  extremely 
complicated,  and  that  the  effect  depends  not  only  on  the 
respective  positions,  but  also  on  the  quantities  of  matter  of 
the  different  planets.  For  these  reasons,  as  Jupiter  and 
Saturn  arc  much  larger  than  any  of  the  other  planets, 
these  anomalies  are  chiefly  owing  to  these  two  planets.  The 
apsides  of  all  the  planets  are  observed  to  advance,  except 
Venus.  It  might  be  imagined,  that  the  vast  number  of 
comets,  which  are  almost  constantly  without  the  orbits  of 
the  planets,  would  cause  a  general  advance  of  all  tbe  ap- 
sides. But  these  bodies  are  so, far  off,  and  probably  con? 
tain  so  little  matter,  that  their  action  is  insensible. 

263.  The  alternate  accelerations  and  retardations  of  the 
planets  Mercury,  Venus,  the  Earth,  and  Mars,  in.  conse- 
quence of  their  mutual  gravitations,  and  their  gravitations 
to  Jupiter,  nearly  compensate  each  other  in  every  .revolu- 
tion ;  and  no  effects  of  them  remain  after  a  long  tract  of 
time,  except  an  advance  ai'  their  apsides.  But  there  are 
peculiarities  in  the  orbits  of  Jupiter  and  Saturn,  wjwch  jXt 
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canon  very  sensible  accumulations,  and  have  given  con- 
siderable trouble  to  the  astronomers  in  discovering  their 
causes.  The  period  of  Saturn's  revolution  round  the  Sun 
increases  very  sensibly,  each  being  about  7  hours  longer 
than  the  preceding.  On  the  contrary,  the  period  of  Ju- 
piter is  observed  to  diminish  about  half  as  much,  that  is, 
about  1£  hours  in  each  revolution. 

This  is  owing  to  the  particular  position  of  the  aphelions 
of  those  two  planets.  Let  ABPC  (Fig.  *8.)  be  the  ellip- 
tical orbit  of  Jupiter,  A  being  the  aphelion,  and  P  the  pe- 
rihelion, Suppose  the  orbit  abpc  of  Saturn  to  be  a  cir- 
cle, having  the  Sun  S  in  the  centre,  and  let  Saturn  be 
supposed  to  be  in  a.  Then,  because  Jupiter  employs 
more  time  (about  140  days)  in  moving  from  A  to  C  than 
in  moving  from  C  to  P,  he  must  retard  the  motion  of  Sa- 
turn more  than  he  accelerates  him,  and  Jupiter  must  be 
more  accelerated  by  Saturn  than  he  is  retarded.  The 
contrary  must  happen  if  Saturn  be  in  the  opposite  part  p 
of  his  orbit.  After  a  tract  of  some  revolutions,  all  must 
be  compensated,  because  there  will  be  as  many  oppositions 
of  Saturn  to  the  Sun  on  one  side  of  the  transverse  diame- 
ter of  Jupiter's  orbit  as  on  the  other. 

But  if  the  orbit  of  Saturn  be  an  ellipse,  as  in  Fig.  28, 
B,  and  if  the  aphelion  a  be  90  degrees  more  advanced  in' 
the  order  of  the  signs  than  the  aphelion  A  of  Jupiter,  it  is 
plain  that  there  will  be  more  oppositions  of  Saturn  while 
Jupiter  is  moving  over  the  semiellipse  A  C  P,  than  while 
he  moves  over  the  semiellipse  P  B  A,  fur  Saturn  is  about 
400  days  longer  in  the  portion  bac  of  his  orbit;  and  there- 
fore Saturn  will,  on  the  whole,  be  retarded,  and  Jupiter 
accelerated. 

Now,  it  is  a  tact,  that  the  aphelion  of  Satum  is  70  de- 
grees more  advanced  on  the  ecliptic  than  that  of  Jupiter. 
Therefore  these  changes  must  happen,  and  the  retarda- 
tions of  Saturn  must  exceed  the  accelerations.  They  do 
to,  nearly  in  the  proportion  of  S5S  to  SfiS-     This  excess 
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wifl  continue  for  about  S000  years,  when  the  angle  ASp 
will  be  90  degrees  complete.  It  will  then  begin  to  de- 
crease, and  will  continue  decreasing  for  16000  years,  after 
which  Saturn  will  be  accelerated,  and  Jupiter  will  be  re- 
tarded. The  present  retardation  of  Saturn  is  about  2', 
or  a  day's  motion,  in  a  century,  and  the  concomitant  acce- 
leration of  Jupiter  is  about  half  as  much.  (See  Mem. 
Acad.  Par.  1746.)  • 

M.  de  la  Place  has  happily  succeeded  in  accounting  for 
several  irregularities  in  this  gradual  change  of  the  mean 
motions  of  these  two  planets,  which  had  considerably  per- 
plexed the  astronomers  in  their  attempts  to  ascertain  their 
periods  and  their  maximum  by  mere  observation.  These 
were  accompanied  by  an  evident  change  in  the  elliptical 
equations  of  the  orbit,  indicating  a  change  of  eccentricity. 
M,  de  la  Place  has  shewn,  that  all  are  precise  consequences 
of  universal  gravitation,  and  depend  on  the  near  equality 
of  five  times  the  angular  motion  of  Saturn  to  twice  that  of 
Jupiter,  while  the  deviation  from  perfect  equality  of  those 
two  motions  introduces  a  variation  in  these  irregularities, 
which  has  a  very  long  period  (about  877  years).  He  has 
at  last  given  an  equation,  which  expresses  the  motions  with 
such  accuracy,  that  the  calculated  place  agrees  with  the 
modern  observations,  and  with  the  most  ancient,  without 
an  error  exceeding  S'.     (See  Mem.  Acad.  Par.  1786.) 

264.  In  consequence  of  the  mutual  gravitation  of  the 
planets,  the  node  of  the  disturbed  planet  retreats  on  the 
orbit  of  the  disturbing  planet  Thus,  let  £  K  (Fig.  29.) 
be  the  plane  of  the  disturbing  planet's  orbit,  and  let  A  B 
be  the  path  of  the  other  planet,  approaching  to  the  node  N. 
As  the  disturbing  planet  is  somewhere'  in  the  plane  E  K, 
its  attraction  for  A  tends  to  make  A  approach  that  plana 
We  may  suppose  the  oblique  attraction  resolved  into  two 
forces,  one  of  which  is  parallel  to  EK,  and  the  other  per- 
pendicular to  it.  Let  this  last  be  such  that,  in  the  time  that 
the  planet  A,  if  not  disturbed,  would  move  from  A  to  B, 
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th&  perpendicular  force  would  cause  it  to  describe  the  snail 
space  AC.  By  the  combined  action  of  this  force  A  C  with 
the  motion  A  B,  the  planet  describes  the  diagonal  A 1), 
and  crosses  the  plane  EK  in  the  point  n.  Thus  the  node 
has  shifted  from  N  to  n,  in  a  direction  contrary  to  that  of 
the  planet's  motion.  The  planet  now  proceeds  in  the  line 
no,  getting  to  the  other  side  of  the  plane  E  E.  The  at- 
traction of  the  disturbing  •plant  t  now  becomes  oblique  again 
to  the  plane,  and  is  partly,  employed  in  drawing  A  (now  in 
a)  toward  the  plane.  Let  this  part  of  the  attraction  be 
again  represented  by  a  small  space  ac.  This,  compounded 
with  the  progressive  motion  a  b,  produces  a  motion  in  the 
diagonal  a  d,  as  if  die  planet  had  come,  opt  from  n,  but 
from  N',  a  point  still  more  to  the  westward.  The  node 
seems  again  to  have  shifted  in  antecedeati&  sigwarum. 
And  thus  it  appears .  that,  both  in  approaching  the  node, 
and  in  quitting  the  node,  the  node  itself  shifts  its  place,  in 
a  direction  contrary  to  that  of  the  motion  of  the  disturbed 
planet. 

It  is  farther  observable,  that  the  inclination  of  the  dis- 
turbed orbit  increases  while  the  planet  approaches  the  node, 
and  diminishes  during  the  subsequent  recess  from  it  The 
original  inclination  A  N  E  becomes  A  n  E,  which  is  greater 
than  ANE.  The  angle  An  E  or  anK  is  afterwards 
changed  into  oN'K,  which  is  less  than  a  n  K. 

In  this  manner  we  perceive  that  when  a  planet,  having 
crossed  the  ecliptic,  proceeds  on  the  other  side  of  it,  the  node 
recedes,  that  is,  the  planet  moves  as  if  it  had  come  from  a 
fxxle  situated  farther  -west  on  the  ecliptic ;  tujtl  all  the 
while,  the  inclination  of  the  orbit  to  the  ecliptic  is  diminish- 
ing. When  the  planet  has  got  90°  eastward  from  the 
node  which  it  quitted,  it  is  at  the  greatest  distance  from  the 
ecliptic,  and,  in  its  farther  progress,  it  approaches  the  op- 
posite #ode.  Its  path  now  bends  more  and  more  toward 
the  ecliptic,  and  the  inclination  of  its  orbit  to  the  ecliptic 
increases,  and  it  crosses  the  ecliptic  again,  in  a  point  con- 
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aiderably  to  the  Westward  of  the  point  where  it  croafted  it 
before. 

The  consequenceof  this  modification  of , the  mutual  action 
of  the  planets  is,  that  the  nodes  of  all  their  orbits  in  the 
ecliptic  recede  on  the  ecliptic,  except  the  node  of  Jupiter's 
orbit  J  J  (Fig.  30.),  which  advances  on  the  ecliptic  J2  Jj£, 
by  retreating  on  the  orbit  S  S  of  Saturn,  from  which  Ju- 
piter suffers  the  greatest  disturbance.* 

265.  We  have  hitherto  considered  the  ecliptic  as  a  perma- 
nent circle  of  the  heavens.  But  it  now  appears  that  the.  Earth 
must  be  attracted  out  of  that  plane  by  the  other  pjauets. 
As  we  refer  every  phenomenon  to  the  ecliptic  by  its  lati- 
tude and  longitude  in  relation  to  the  apparent  path  of  the 
Sun,  it  is  plain  that  this  deviation  of  the  Sun  from  a  fixed 
plane,  must  change  the  latitude  of  all  the  stars.  The  change 
is  so  very  small,  however,  that  it  never  would  have  been 
perceived,  had  it  not  been  pointed  out  to  the  astronomers 
by  Newton,  as  necessarily  following  from  the  universal  gra- 
vitation of  matter.  The  ecliptic  (or  rather  the  Sun's  path) 
has  a  small  irregular  motion  round  two  points  situated 
about  74  degrees  westward  from  our  equinoctial  points. 

266.  The  comets  appear  to  be  very  greatly  deranged  in 
their  motions  by  their  gravitation  to  the  planets.     The 


*  As  this  motion  of  the  nodes,  and  that  of  the  apsides  formerly 
mentioned,  become  sensible  by  continual  accumulation,  and  as  they 
are  equally  susceptible  of  accurate  measure  and  comparison  as  the 
greater  gravitation*  which  retain  the  revolving  bodies  in  their  orbits, 
Mr  afachin,  professor  of  astronomy  at  Gfesbsai  College,  proposed 
them  as  the  fittest  phenomena  for  informing  us  of  the  distance  of  the 
Son.  Dr  Matthew  Stewart  made  s  trial  of  this  method,  employing 
chiefly  the  motion  of  the  lunar  apogee,  and  has  deduced  a  much 
greater  distance  than  what  can  be  fairly  deduced  from  the  transit  of 
Venn*.  Notwithstanding  some  oversights  in  the  summations  there 
given  of  She  disturbing  fivces,  the  conclusion  SSSSBS  unexceptionable, 
and  the  Sop *s  distance  is,  in  all  probthjUiy,  not  less  than  llO.or  IIS 
millions  of  miles. 
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Halleyan  comet  has  been  repeatedly  so  disturbed  by  passing 
near  to  Jupiter,  that  its  periods  were  very  considerably  al- 
tered by  this  action.  A  comet,  observed  in  1770  by  Lexel, 
Prosperin,  and  other  accurate  astronomers,  has  been  so 
much  deranged  in  its  motions,  that  its  orbit  has  been  totally 
changed.  Its  mean  distance,  period,  and  perihelion  dis- 
tance, calculated  from  good  observations,  which  had  been 
continued  during  three  months,  agreed  with  all  the  obser- 
vations within  1'  of  a  degree.  In  its  aphelion,  it  is  a  small 
matter  more  remote  than  Jupiter,  and  must  have  been  so 
near  him  in  1767  (about  B'0  of  its  distance  from  the  Sun) 
that  its  gravitation  to  Jupiter  must  have  been  thrice  as 
great  as  that  to  the  Sun.  Moreover,  in  its  revolution,  fol- 
lowing this  appearance  in  1770,  namely,  on  the  23d  of 
August  1777,  it  must  have  come  vastly  nearer  to  Jupiter, 
and  its  gravitation  to  Jupiter  must  have  exceeded  its  gra- 
vitation to  the  Sun  more  than  300  times.  No  wonder  then 
that  it  bos  been  diverted  into  quite  a  different  path,  and  that 
astronomers  cannot  tell  what  is  become  of  it.  And  this,  by 
the  way,  suggests  some  singular  and  momentous  reflections. 
The  number  of  the  comets  is  certainly  great,  and  their 
courses  are  unknown.  They  may  frequently  come  near 
the  planets.  The  comet  of  1764  has  one  of  its  nodes  very 
close  to  the  Earth's  orbit,  and  it  is  very  possible  that  the 
Earth  and  it  may  chance  to  be  in  that  part  of  their  respec- 
tive orbits  at  the  same  time.  The  effect  of  such  vicinity 
must  be  very  remarkable,  probably  producing  such  tides  as 
would  destroy  most  of  the  habitable  surface.  But,  as  its 
continuance  in  that  great  proximity  must  be  very  momen- 
tary, by  reason  of  its  great  velocity,  the  effect  may  not  be 
so<  great.  When  the  comet  of  1770  was  so  near  to  Jupi- 
ter, it  was  in  aphelio,  moving  slowly,  and  therefore  may 
have  continued  some  considerable  time  there.  Yet  it  does 
not  appear  that  it  produced  any  derangement  in  the  motion 
of  his  satellites.  We  must  therefore  conclude,  that  either 
the  comet  did  not  continue  in  the  path  that  was  supposed, 
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or  that  it  contained  only  a  very  small  quantity  of  matter, 
being  perhaps  little  more  than  a  dense  vapour.  Many  ctr- 
cumstances  in  the  appearance  of  comets  countenance  this 
opinion  of  their  nature.  As  they  retire  to  very  great  dis- 
tances from  the  Sun,  and  in  that  remote  situation  move  very 
slowly,  they  may  greatly  disturb  each  other's  motion.  It 
is  therefore  a  reasonable  conjecture  of  Sir  Isaac  Newton, 
that  the  comet  of  1680,  at  its  next  approach  to  the  Sun, 
may  really  fal  1  into  him  altogether. 

Of  the  Lunar  Inequalities. 

267.  Of  all  the  heavenly  bodies,  the  Moon  bos  attracted 
the  greatest  notice,  and  her  motions  have  been  the  most 
scrupulously  examined :  and  it  may  be  added,  that  of  them 
all  she  has  been  the  most  refractory.  It  is  but  within  these 
few  years  past  that  we  have  been  able  to  ascertain  her  mo- 
tions .with  the  precision  attained  in  the  cases  of  the  other' 
planets.  Not  that  her  apparent  path  is  contorted,  like  those 
of  Mercury  and  Venus,  running  into  loops  and  knots,  but 
because  the  orbit  is  continually  shifting  its  place  and  chang- 
ing its  form ;  and  her  real  motions  in  it  are  accelerated, 
retarded,  and  deflected,  in  a  great  variety  of  ways.  While 
the  ascertaining  the  place  of  Jupiter  or  Saturn  requires  the 
employment  of  five  or  six  equations,  the  Moon  requires  at 
least  forty  to  attain  the  same  exactness.  The  corrections 
introduced  by  those  equations  are  so  various,  both  in  their 
magnitude  and  in  their  periods,  and  have,  of  consequence, 
been  so  blended  and  complicated  together,  that  it  surpassed 
the  power  of  observation  to  discover  the  greatest  part  of 
them,  because  we  did  not  know  the  occasions  which  made 
them  necessary,  or  the  physical  connexion  which  they  had 
with  the  aspects  of  the  other  bodies  of  the  solar  system. 
Only  such  as  arose  to  a  conspicuous  magnitude,  and  bad  an 
evident  relation  to  the  situation  of  the  Sun,  were  fished  out 
from  among  the  rest. 
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XBS.  From  alt  this  complication  end  embarrassment  the 
discovery  of  universal  gravitation  has  freed  us.  We  have 
only  to  follow  this  into  its  consequences,  as  modified  by  the 
particular  situation  of  the  Moon,  and  we  get  an  eqaatkn, 
which  must  be  made,  in  order  to  determine  a  deviation  from 
simple  elliptical  motion  that  must  result  from  the  action  of 
the  Son.  This  alone,  followed  regularly  into  all  its  conse- 
quences, gives  all  the  great  equations  which  the  sagacity  of 
observers  had  discovered,  and  a  multitude  of  other  correc- 
tions, which  no  sagacity  could  ever  have  detected. 

Disctmus  hitic  tandem  qo3  canal  argmtca  Phoebe 

PssBibos  hand  *quii  eat,  cur  aubdita  nulli 

Hastens  aatrmiomo,  nnroercmim  ftamnwit 

Obvia  con^iicirauB,  nubem  pollen  to  matheai. 

We  have  seen  that  since  the  Moon  accompanies  the 
Earth  in  its  revolution  round  the  Sun,  we  most  conclude 
that  she  is  under  the  influence  of  that  force  which  deflects 
the  Earth  into  that  revolution.  If,  in  every  instant,  the 
Moon  were  impelled  by  precisely  the  same  force  which  then 
impels  the  Earth,  and  if  this  force  were  also  in  the  same  di- 
rection, the  Moon's  motion  relative  to  the  Earth  would  not 
sustain  any  change.  She  would  describe  an  accurate 
ellipse  having  the  Earth  in  the  focus,  and  would  describe 
areas  proportional  to  the  times.  But  neither  of  these  con- 
ditions are  agreeable  to  the  real  state  of  things.  The  Moon 
is  sometimes  nearer  to  the  Sun,  and  sometimes  more  remote 
from  him  than  the  Earth  is,  and  is  therefore  more  or  less 
attracted  by  him  ;  and  though  the  distances  of  both'  from 
the  Son  are  sometimes  equal  (as  when  the  Moon  is  in  qua- 
drature) the  direction  of  her  gravitation  to  the  Sun  is  then 
considerably  different  from  that  of  the  Earth's  gravitation 
to  him. 

These  oireum stances  change  considerably  all  her  motions 
relative  to  the  Earth.  But,  since  the  planetary  force  fol- 
lows the  precise  inverse  duplicate  ratio  of  the  distances,  we 
can  tell  what  its  intensity  is  in  every  position  of  the  Moon, 
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ia  what  direction  it  acts,  and  what  deviation  it  will  produce 
during  toy  interval  of  time.  We  may  proceed  m  the  fol- 
lowing manner. 

889.  Let  S  (Fig.  81.)  represent  the  Sun,  E  the  Earth, 
moving  in  the  arch  A  E  B.  Let  the  Moon  be  supposed  to 
describe  round  the  Earth  the  circle  C  B  0  A.  Join  E  S  and 
M  S,  and  let  S  M  cat  the  Earth's  orbit  in  N.  Lastly,  Let 
BS  be  taken  as  the  measure  of  the  Earth's  gravitation  to 
the  Sun,  and  as  the  scale  on  which  we  estimate  the  distorts 
iag  forces. 

To  learn  the  magnitude  and  direction  of  the  force  which 
disturbs  the  Moon's  motion  when  she  is  in  any  point  M  of 
her  orbit,  gravitating  to  the  Sun  m  the  direction  M  S,  we 
must  institute  the  following  analogy  M  S* :  E  S*  =  E  S :  MG. 
Then  it  is  evident  that  if  the  Moon's  gravitation  to  the  Sun 
be  represented  by  E  S  when  she  is  in  the  points  A  or  B, 
equally  distant  with  the  Earth,  M  G  will  represent  her 
gravitation  to  the  Sun  when  she  is  in  M  ;  for  it  is  to  E  S 
in  (he  inverse  duplicate  ratio  of  the  distances  from  him. 

Now  this  force  M  6,  being  neither  equal  to  E  S,  nor  in 
the  same  direction,  must  change  or  disturb  the  Moon's  mo- 
tion relative  to  the  Earth.  We  may  suppose  M  &  to  result 
fins*  die  combined  action  of  two  forces  M  F  and  M  H 
(that  is,  M  6  may  be  the  diagonal  of  a  psralielograrij 
MFCrH),  of  which  one,  MF,  is  parallel  and  equal  to  ES. 
Were  the  Earth  and  Moon  urged  by  the  forces  ES  an* 
M  F  onry,  their  relative  motions  would  hot  be  affected. 
Therefore  MH  alone  disturbs  this  relative  motion,  and  may 
be  taken  for  its  indication  and  measure'.  ' , 

The  disturbing  force  may  be  otherwise  represented  hf 
varyiBg  the  conditions  on  wMeh  the  parallelogram  MFGH 
is  formed.  It  rfiay  be  formed  on  the  supposition  that  oB* 
side  of  the  parallelogram  shall  have  the  direction  M  E. 
And  this  is  perhaps  the  best  way  of  resolving  M  G  for  the 
purposes  of  calculation,  and  accordingly  has  been  most' 
generally  employed  by  the  great  geotntetcrs  who  have  cul- 
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tivated  this  theory.  But  the  method  followed  in  this  out- 
line was  thought  more  elementary  and  most  illustrative  of 
the  effects. 

The  magnitude  and  direction  of  this  disturbing  force  de- 
pends on  the  form  of  the  parallelogram  MFGH  and  con- 
sequently on  the  proportion  of  M  F  and  M  G,  and  on  their 
relative  positions.  We  may  obtain  an  easy  expression  of 
the  force  M  H  by  the  consideration  that  the  rate  of  increase 
of  M  S*  is  double  of  the  rate  of  increase  of  M  S.  When  a 
line  increases  by  a  very  small  addition,  the  ratio  of  the  in- 
crement of  the  line  to  the  line  is  but  the  half  of  that  of  the 
square  to  the  square.  Thus,  let  the  line  MS  be  supposed 
100,  and  E  S  101,  differing  by  one  part  in  a  hundred.  We 
have  MS*=  10000,  and  E  S'  =  10201,  differingby  very 
nearly  two  parts  ih  a  hundred;  the  error  of  this  supposi- 
tion being  only  one  part  in  ten  thousand.  Suppose  M  S 
=  1000,  and  ES  =  1001,  differing  by  one  part  in  a 
thousand.  Then  M  S'  =  1000000,  and  E  8=1002001, 
differing  from  M  S  by  two  parts  in  a  thousand  very  nearly, 
the  error  of  the  supposition  being  only  one  part  in  a  million, 
&c.  &c. 

Now  the  greatest  difference  that  can  occur  between  E  S 
and  M  S  is  at  new  and  full  Moon,  when  the  Moon  is  in  C 
or  O.  In  this  case  EC  is  nearly  the  390th  part  of  E  S,  and 
we  have  ES1  :  OS'  =  890  :  391',  or  =  390 :  392,026 ; 
and  therefore,  in  supposing  E  S  to  O  S1  as  890  to  392,  we 
commit  an  error  of  no  more  than  jl0  of  ( Ja,  that  is  uJ|0, 
viz.  less  than  one  part  in  fifteen  thousand,  in  the  most  un- 
favourable circumstances.  Therefore  the  difference  between 
N  S  (or  E  S)  and  M  G  may  be  supposed  equal  to  M  D, 
without  any  sensible  error,  that  is,  to  the  double  of  N  M, 
the  difference  of  N  S  and  M  S.  Therefore  M  G  —  N  S 
=  2  M  N  very  nearly,  and  M  G  —  M  S,  that  is,  S  G  = 
8  M  N  very  nearly.  We  may  also  take  M I  for  M  H 
without  any  sensible  error,  and  may  suppose  E  I  =  S  M  N. 
For  the  lines  M  F,  I F,  H  G,  being  equal  and  parallel,  and 
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S  P  newly  coinciding  with  S  G,  from  which  it  never  de- 
viates more  than  9',  E I  will  nearly  coincide  with  E  H,  = 
S  G,  =  3  M  N  nearly. 

270.  These  considerations  will  give  us  a  very  simple 
manner  of  representing  and  measuring  the  disturbing  force 
in  every  position  of  the  Moon,  which  will  have  no  error 
mat  can  be  of  any  significance.  Moreover,  any  error  that 
inheres  in  it,  is  completely  compensated  by  an  equal  error, 
of  an  opposite  kind,  in  another  point  of  the  orbit  There- 
tore, 

Let  us  suppose  that  the  portion  of  the  Earth's  path 
round  the  Sun  sensibly  coincides  with  the  straight  line  A  B 
(Fig.  33.)  perpendicular  to  the  line  O  C  S,  passing  through 
the  Sun,  and  called  the  line  of  the  syzigibb,  as  A  B  is 
called  the  line  of  the  quadkatuub.  Let  M  D  cross  A  B 
at  right  angles,  and  produce  it  to  R,  so  that  MP  —  8  MN- 
Join  RE,  and  draw  M I  parallel  to  it  MI  will,  in  all 
cases,  have  the  position  and  magnitude  corresponding  to  the 
disturbing  force. 

Or,  more  simply,  make  E  I  =  3  M  N,  taking  the  point  * 
I  on  the  same  side  of  A  B  with  M,  and  draw  ML     MI 
is  the  disturbing  force. 

S71-  This  force  MI  may  be  resolved  into  two,  viz.  ML, 
having  the  direction  of  the  Moon's  motion,  and  M  K  per- 
pendicular to  her  motion,  that  is,  M  K  lying  in  the  direction 
of  the  radius  vector  ME,  and  M  L  having  the  direction  of 
the  tangent  The  force  M  L  affects  the  Moon's  angular 
motion  round  the  Earth,  either  accelerating  or  retarding  it, 
while  the  force  M  K  either  augments  or  diminishes  her  gra- 
vitation to  the  Earth. 

The  disturbing  force  M I  may  also  be  resolved  into 
MR'=8MN,  and  R'l,  or  ME;  that  is,  into  a  force 
always  proportional  to  M  N,  and  in  that  direction,  and  ano- 
ther force  in  the  direction  of  the  Moon's  gravitation  to  the 
Earth.     This  is  useful  on  another  occasion. 

272-  When  the  Moon  is  in  quadrature,  the  point  I  coin- 
Vot.  III.  M 


(DvGoogle 


178 

cides  with  E,  because  there  is  no  M  N.  In  this  case,  there. 
five,  the  force  M  L  does  not  exist,  and  M  E  coincides  with 
M  £.  The  disturbing  force  M  I  is  now  wholly  employed 
in  augmenting  the  Moon's  gravitation  to  the  Earth.  The 
gravitations  of  the  Earth  and  Moon  to  the  Sun  are  equal, 
but  not  parallel.  If  E  9  expresses  the  magnitude  of  the 
Moon's  gravitation  to  the  Sun,  then  M  E  will  express  (on 
the  same  scale)  the  augmentation  in  quadratures  of  the 
Moon's  gravitation  to  the  Earth,  occasioned  by  the  obli- 
quity of  the  Sun's  action.  It  is  convenient  to  take  this  qua- 
drature augment  of  the  Moon's  gravitation  to  the  Earth  as 
the  unit  of  the  scale  on  which  all  the  disturbing  forces  are 
measured,  and  to  calculate  what  fraction  of  her  whole  gra- 
vitation it  amounts  to. 

273.  Let  Q  express  the  Moon's  gravitation  to  the  Sun, 
g  her  gravitation  to  the  Earth,  and  g"  the  increase  of  this 
gravitation.  Also  let  y  and  m  be  the  length  of  a  sydereal 
year  and  of  a  sydereal  month.  In  order  to  learn  in  what 
proportion  the  Moon's  gravitation  to  the  Earth  is  affected 
'  by  the  disturbing  force,  it  will  be  convenient  to  know  what 
proportion  its  increment  in  quadrature  has  to  the  whole 
gravitation.  We  may  therefore  institute  the  following  pro- 
portions. 

_  I>    d      ES    EB 

G:*?=PV?=V:'w?'- 

gt'.G=  EB:ES.     Therefore 

ESxEB     EBxES 


fl  ES     EB      390  1 

Thus  we  see  that  the  Moon's  gravitation  to  the  s™»  it  sapss  Ihsn 
twice  her  gravitation  to  the  Earth.  The  consequence  of  this  is,  that 
even  when  the  Moon  is  in  conjunction,  at  new  Moon,  between  the 
Earth  and  the  Sun,  her  path  in  absolute  space  U  concave  toward  the 
Son,  and  convex  toward  the  Earth,    Even  there  she  is  deflected,  not 
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The  Moon's  mean  gravitation  to  the  Earth  a  therefore 
to  its  increment  in  the  quadratures  by  the  action  of  die  Sun, 
in  the  duplicate  ratio  of  the  Earth's  peKod  round  the  Sun 
to  the  lunar  period  round  the  Earth.  This  b  very  nearly 
in  the  proportion  of  179  to  1.  Her  gravitation  is  increased, 
when  in  quadrature,  about  T|v.  Thia  will  diminish  the 
chord  of  curvature  and  increase  the  curvature  in  the  same 
proportion. 

274.  In  order  to  see  what  change  it  sustains  in  any  other 
position  of  the  Moon,  such  as  M,  join  E  D,  and  draw  D  Q 
perpendicular  toBM.  It  is  plain  that  D  Q  is  the  sine  of 
the  angle  D  E  Q,  which  is  twice  the  angle  O  E  Q  or  CEM, 
that  is,  twice  the  Moon's  distance  from  the  nearest  syzigy. 
QE  is  the  cosine  of  the  same  angle.  The  triangles  MDQ 
and  E  I K  are  similar.  E I  is  equal  to  IJMD.  There- 
fore  E  K  =  1}  M  Q,  =  1$  M  E  +  1$  E  Q,  using  the  sign 
+  when  D  E  m  is  less  than  Wf  or  C  E  M  is  less  than  45°, 
and  the  sign  —  when  C  E  M  b  greater  than  45°.  There- 
fore MK  =  4ME  +  liEQ.  Therefore,  if  i  ME  be 
equal  toljEQ,  that  is,  if  M  E  be  =  3EQ,  MKisre- 


toward  the  Earth,  but  towud  the  Son.  This  it  a  very  curious,  and 
seemingly  paradoxical  assertion.  But  nothing  is  better  established. 
The  tracing  the  Moon's  motion  in  absolute  space  is  the  completes t  de- 
monstration of  it-  It  is  not  a  looped  curve,  as  one,  at  first  thinking, 
would  imagine,  but  a  line  always  concave  toward  the  Sun.  Indeed 
■corcely  any  things  can  be  men  unlike  than  the  real  motions  of  the 
Moan  are.tn  what  we  nrat  imagine  them  to  be.  Ax  new  Moon,  she 
eppeara  to  be  moving  to  the  left,  and  we  see  her  gradually  passing  the 
nan,  leaving  them  to  the  right ;  and  calculating  from  the  distance 
StOOOO  miles,  and  the  angular  motion,  about  half  a  degree  In  an  hour,' 
we  should  say  that  she  is  moving  to  the  left  at  the  rate  ef  38  miles  in 
■  minute.  B«  the  fact  is,  that  she  Is  then  moving  to  the  right  at 
the  rate  of  1100  m ilea  in  a  minute.  Rut  as  the  Earth,  from  whence  we 
view  her,  U  moving  at  the  rate  of  1110  miles  in  a  minute,  the  Moon 
is  left  behind.  , 
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duced  to  nothing,  or  the  force  M  Fu  then  perpendicular  to 
the  radius  vector,  or  is  a  tangent  to  the  circle.  The  angle 
C  E  M,  or  the  arch  C  M,  has  then  its  secant  E  I  equal  to 
thrice  its  cosine  MN.  This  arch  is  54°  44'.  There  are 
therefore  four  points  in  the  circular  orbit  distant  54°  4.4/ 
from  the  line  of  the  syzigies,  where  the  Moon's  gravitation 
to  the  Earth  is  not  affected  by  the  action  of  the  Sun.  If 
the  arch  C  M  exceed  this,  the  point  K  will  lie  within  the 
orbit,  as  in  Fig.  38.  indicating  an  augmentation  of  the 
Moon's  gravitation  to  the  Earth. 

At B,ljEQ  =  14EM,and therefore  I4EQ— 4EM. 
=  E  M,  as  before. 

875.  At  O  and  at  C,  IjEQ +4EM  =2EM.  There- 
fore, in  the  syzigies,  the  diminution  of  the  Moon's  gravita- 
tion to  the  Earth  is  double  of  the  augmentation  of  it  in 

quadratures,  or  it  is  £g—  of  her  gravitation  to  the  Earth. 

876.  With  respect  to  the  force  ML,  it  is  evidently  = 
1{  D  Q  or  14  of  the  sine  of  twice  the  Moon's  distance  from 
opposition  or  conjunction.  It  augments  from  the  syxigy 
to  the  octant,  where  it  is  a  maximum,  and  from  thence  it 
diminishes  to  nothing  in  the  quadrature.  In  its  maximum 
state,  it  is  about  3  J„  of  the  Moon's  gravitation  to  the  Earth. 

277.  It  appears,  by  constructing  the  figure  forthe  different 
positions  of  the  Moon  in  the  course  of  a  lunation,  that  this 
force  M  L  retards  the  Moon's  motion  round  the  Earth  in 
the  first  and  third  quarters  C  A  and  O  B,  but  accelerates; 
her  motion  in  the  second  and  last  quarters  A  O  and  B  C. 
Thus,  in  Fig.  32,  M  L  leads  from  M  in  a  direction  oppo- 
site to  that  of  the  Moon's  motion  eastward  from  her  con- 
junction at  C  to  her  first  quadrature  in  A,  In  Fig.  34. 
M  L  lies  in  the  direction  of  her  motion  ;  and  it  is  plain 
that  M  L  will  be  similarly  situated  in  the  quadrants  C  A 
and  0  B,  as  also  in  the  quadrants  A  O  and  B  C. 

All  these  disturbing  forces  depend  on  the  proportion  of 
E  B  to  E  S.     Therefore,  while  E  S  remains  the  same,  the 
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disturbing  fanes  wiB  change  in.  the  same  proportion,  with 
the  Moon's  djaumee  from  the  Earth. 

878.  But  let  us  suppose  that  £  S  changes  in  the  coarse 
of  the  Earth's  motion  in  her  elliptical  orbit.  Then,  did  the 
Sun  continue  to  act  with  the  same  force  as  before,  still  the 
disturbing  force  would .  change  in  the -proportion  of  ES, 
becoming  smaller,  as  ES  becomes  greater,  because  the 
proportion  of  E  B  to  ES,  becomes  smaller.  But,  when  ES 
increases,  the  gravitation  to  the  Sun  diminishes  in  die  du- 
plicate ratio  of  E  S.  Therefore  the  disturbing  force  varies, 
in  the  inverse  proportion  of  Eg9,  and,  in  general,  u  = 

■kts-     Therefore,  as  the  Earth  is  nearer  to  the  Sun  about' 

,'f  in  January  than  in  July,  it  follows  that  in  January  all 
the  disturbing  forces  will  be  nearly  ^  greater  than  in 
July. 

What  has  now  been  said  must  suffice  for  an  account  of' 
the  forces  which  disturb  the  Moon's  motion  in  the  different 
'  parts  of  a  circular  orbit  round  the  Earth.  The  same  forces 
operate  on  the  Moon  revolving  in  her  true  elliptical  orbit, 
but  varying  with  die  Moon's  distance  from  the  Earth. 
They  operate  in  the  same  manner,  producing,  not  the  same 
motions,  but  the  same  changes  of  motion, 

279.  It  would  seem  now-  that  it  is  not  a  very  difficult 
matter  to  compute  the  motion  and  the  place  of  the  Moon 
far  any  particular  moment.  But  it  is  one  of  the  most  dif- 
ficult problems  that  have  employed  the  talents  of  the  first 
mathematicians  of  Europe.  Sir  Isaac  Newton  has  treated 
this  subject  with  his  usual  superiority,  in  his  Principles  of 
Natural  Philosophy,  and  in  the  separate  Essay  on  the, 
Lunar  Theory.  But  he  only  began  the  subject,  and  con- 
tented himself  with  marking  the  principal  topics  of  investi- 
gation, pointing  out  the  roads  that  were  to  be  held  in  each, 
and  furnishing  us  with  the  mathematics  and  the  methods 
which  were  to  be  followed.  In  all  these  particulars,  great 
improvements  liave   been  made   by   Eider,   D'Aletnbert, 
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ClairaMt,  and  Mayer  of  Gottingen.  This  last  gtatfemaw, 
by  a  most  sagacious  examination  and  comparison  of  the 
ditta  famished  by  observation,  and  a  judicious  employment 
of  the  physical  principles  of  Sir  Isaac  Newton,  has  con- 
structed equations  so  exactly  fitted  to  the  various  cuvum- 
sranees  of  the  case,  that  he  bait  made  his  lunar  tables  cor- 
respond  with  observation,  both  the  meet  ancient  and  the 
lAodt  recent,  to  a  degree  of  exactness  that  is  not  exceeded 
m  amy  taWcs  of  the  primary  planet*,  and  far  surpassing  any 
other  tables  of  the  lunar  motions. 

We  am,  with  propriety,  only  make  some  very  general 
observations  en  the  effects  of  the  continued  action  of  the 
disturbing  forces. 

■■  880.  In  the  sysigiee  and  quadrature,  the  combined force, 
arising  from  tile  Moon's  natural  gravitation  re  the  Earth 
and  the  Sun's  disturbing  force,  is  directed  to  the  Earth. 
Therefore  the  Moan  will,  notwithstanding  the  disturbing 
force,  continue  to  describe  areas  proportional  to  the  times. 
Bat  as  soon  as  the  Moon  quits  those  stations,  (he  tangential 
force  M  L  begins  to  operate,  and  the  combined  force  is  no- 
longer  directed  precisely  to  the  Earth.  In  the  octants, 
where  the  tangential  force  is  at  its  maximum,  it  causes  the 
combined  force  to  deviate  about  half  a  degree  from  the 
radius  vector,  and  therefore  considerably  affect*  the-  angular 
motiea. 

-  Let  the  Moon  set  out  front  the  second  or  fourth  octant, 
with  her  mean  angular  velocity.  Therefore  M  L,  then  at 
its  maximum,  increases  continually  this  velocity,  which 
augments,  till  the  Moon  comes  to  a  syrigy.  Here  the  ac- 
celerating force  ends,  and  a  retarding  force  begins  to  act, 
end  the  motion-  is  now  retarded  by  the  same  degrees  by 
whieh-it  was  accelerated  just  before;  At  the  next  octant, 
the  sura  of  the  retardations  from  the  syzigy  is  just  equal  to. 
the  Aim  of  she  accelerations  from  the  preceding  octant. 
The  veracity  of  the  Moon  is  now  reduced  to  its  mean  state. 
But  her  place  is  more  advanced  by  37'  than  it  would  have 
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ban,  had  the  Moon  riot  bin  affected  by  the  Sun,  but  bad 
saved  from  the  syirigy  with  her  mean  velocity.  Proceed- 
ing  in  her  course  from  this  octant,  the  retardation  con- 
tinues, and  in  the  quadrature  the  Telocity  is  reduced  to  its 
lowest  state ;  but  here  the  accelerating  force  begins  again, 
and  restores  the  velocity  to  its  mean  stale  in  the  next 

Thus  it  appears,  that  in  the  octants  the  Telocity  is  always 
in  its  medium  state,  attains  a  maximum  in  passing  through 
a  syzigy,  and  is  die  least  possible  in  quadrature.  In  the 
int  and  third  octant,  the  Moon  is  37'  east,  or  a-head  of  her 
mean  place;  and  in  the  second  and  fourth,  is  as  much  to 
the  westward  of  It  i  and  in  the  syiigies  and  quadratures 
her  mean  and  true  places  are  the  same.  Thus,  when  her 
Telocity  diners  most  from  its  mwKupt  state,  her  calculated 
and  observed  places  are  the  same,  and  where  her  Telocity 
has  attained  its  mean  state,  her  calculated  and  observed 
puues  dmer  most  widely.  This  is  the  case  with  all  aatrouo- 
■neal  equations.  The  motions  are  computed  first  in  their 
mean  state;  and  when  the  changing  causes  increase  to  a 
maxiniHQtt  and  theti  donnish  to  nothing,  the  effect,  which 
is  a  change  of  pkee,  has  attained  its  maximum  by  coati- 
nnal  addition  or  deduction. 

SSI .  Thw  alternate  increase  and  diminution  of  the  Moon's 
angular  motion  in  the  coarse  of  a  lunation  waa  first  disco- 
vered, or  at  least  distinguished  from  the  other  irregularities 
of  he*  motion,  by  Tycho  Brabe,  and  by  him  called  the 
Squatfoa  ef  vauiatio*.  The  deduction  of  it  from  the 
principle  of  tmiversal  gravitation,  by  Sir  Isaac  Newton  is 
the  most  elegant  and  perspicuous  apacimen  of  mechanical 
investigation  that  is  to  be  seen.  The  address  whkth  he  has 
shewn  )H  giving  sensible  representations  and  measures  of  the 
momentary  actions,  and  of  their  accumulated  results*  in  all 
parts  of  the  orbit,  are  peculiarly  pleasing  to  all  persons  of 
a  mathematical  taste,  and  are  so  apposite  and  plain,  that  the 
investigation  bswsiaet  highly  instructive  to  a  beginner  in 
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this  part  of  the  higher  mathematics.  The  late  Dr  Matthew 
Stewart,  in  hie  Tracts  Physical  and  Mathematical  follow- 
ing Newton's  example,  has  given  some  very  beautiful  ex- 
amples of  the  same  method. 

288.  We  have  hitherto  considered  the  Moon's  orbit  as 
circular,  and  must  now  inquire  whether  its  form  will  suffer 
any  change.  We  may  expect  that  it  will,  since  we  see  a 
very  great  disturbing  force  diminishing  its  terrestrial  gra- 
vity in  the  syzigies,  and  increasing  it  in  the  quadratures. 
Let  us  suppose  the  Moon  to  set  out  from  a  point  85*  16< 
short  of  a  quadrature.  The  force  MK,  which  we  may  call 
a  centripetal  force,  begins  to  act,  increasing  the  deflecting 
force.  This  must  render  the  orbit  more  incurvated  in  that 
part,  and  this  change  will  be  continued  through  the  whole 
of  the  arch,  extending  86°  16'  on  each  side  of  the  quadra- 
ture. At  85°  16'  east  of  a  quadrature,  the  gravity  recovers 
its  mean  state ;  but  the  path  at  this  point  now  makes  an 
acute  angle  with  the  radius  vector,  which  brings  the  Moon 
nearer  to  the  Earth  in  passing  through  the  point  of  con- 
junction or  opposition.  Through  the  whole  of  the  arch 
V  v,  extending  54°  W  on  each  side  of  the  syzigies,  the 
Moon's  gravitation  is  greatly  diminished ;  and  therefore  her 
orbit  in  this  place  is  flattened,  or  made  less  curve  than  the 
circle,  till  at  v,  64°  44'  east  of  the  syzigy,  the  Moon's  gra- 
vity recovers  its  mean  state,  and  the  orbit  its  mean  curva- 
ture. 

983.  In  this  manner,  the  orbit,  from  being  circular,  be- 
comes of  an  oval  form,  most  incurvated  at  A  and  B,  and 
least  so  at  O  and  C,  and  having  its  longest  diameter  lying 
in  the  quadratures ;  not  exactly  however  in  those  points,  on 
account  of  the  variation  of  velocity  which  we  have  shewn  to 
be  greatest  in  the  second  and  fourth  quadrants.  The  long- 
est diameter  lies  a  small  matter  short  of  the  points  A  and 
B,  that  is,  to  the  westward  of  them.  Sir  Isaac  Newton  has 
determined  the  proportion  of  the  two  diameters  of  this  oval, 
viz.  A  B  =  70  and  O  C  =  69.    It  may  seem  strange  that 
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die  Moon  cotaca  nearest  to  die  Earth  when  Iter  gravity  is 
most  diminished ;  but  this  is  owing  to  the.  uKMnation  of 
the  orbit  in  the  neighbourhood  of  the  quadratures.  -, 

284.  The  Moon's  orbit  is-  not  a  circle,,  but  as  elUpfiisr. 
having  the  Earth  in  one  of  the  foci.  Still,  however,  the. 
above  assertion*  -mil  *¥fty,  by  always  conceiving  a  circle 
described -through  tte  JaoanV  place  ia  the  real  orbit.  But, 
we  mutt  now  inquire  whether  this  ,orbit  also  sugars  «ny 
change  of  formby  the  action  of  the  Sun. 

Let  ua  suppose  that  the  line  of  the  apsides  coincides  with 
die  line  of  syaigies,  and  that  the  MjQob  is  in  apogee.  Her 
gravitation  to  the  Earth,  is  dnnirushe4  in  conjunction  and 
opposition*  so  that,  when  hex  gravitation  in  perigee  is  com- 
pared with  her  gravitation  in  apogee,. the  gravitations  differ 
more  than,  in  -  the  inverse  duplicate  ratio  of  dig  distance. 
The  natural  forces  in  perigee  and  apogee  are  inversely  as 
the  squares'  of  the  distance.  If  ■  the  diiuinntHtrw  by  the 
Sun's  action  were  also  inversely  as  the  square  of  the  dis- 
tance, the  remaining  gravitations  would  be  in  the  same  pro- 
portion stilL  But  this  ia  far  from  being  the  case  here ;  for 
the  diminution*  are  directly  as  the  distance,  and  the  greatest 
quantity  is  taken  from  the  smallest  force.  Therefore  the 
forces  thus  diminished  must  diner  in  a  greater  proportion 
than  before,  that  is,  in  a  greater  ratio  than  the  inverse  of 
the  square  of  the  distances.* 


•  Thus,  let  the  following  perigee  sad  apogee  distance*  be  cod 
and  the  corresponding  gnmtstioni  with  their  diminutions  a 


Remaining  gravities  -  112  Mi 

Now  IS'  :«*  =148':  63,11.    Therefore  148  is  to  61  in 
greater  ratio  than  the  inrerat  of  the  square  of  the  distance. 
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Let  ft*  Moon  come  from  the  apogee  «f  this  custwbed 
orbit  Bid  her  gravity  increase  in  the  due  proportion,  she 
would  come  to  the  proper  perigee.  But  it  increases  in  * 
greater  proportion  and  will  bring  the  Hoon  nearer  to  the 
ftcuB ;  that  is,  the  orbit  wifl  become  more  eccentric,  and 
its  elBptieal  equation  will  increase  abng  with  the.  eecentri- 
city.  Similar  effects  wilt  result  in  me.  UcddV  motion  from 
perigee  to  apogee.  Her  apogean  gravity  being  tort:  much 
diminished,  she  will  go  farther  off,  and  thus  the  eccentri- 
city aftd  the  equation  of  the  orbit  will  be  increased.  Sip- 
pose  the  Hoon  to  change  when  is  apogee,  and  that  we 
calculate  her  place  seven  days  after,  when  and  should  bo 
in  the  viehnty  of  the  quadrature.  We  apply  her  elliptical, 
equation  (about  6°  SO')  to  her  mean  motion.  If  we  coma 
pare  this  calculation,  with  her  real  plan,  ws  shall  find  the 
true  place  almost  8°  behind  the  calculation.  Wo  should' 
find,  in  like  manner,  that  in  the  but  quadrature,  bar  caL 
dilated  place,  by  means  of  the  ordinary  equation  of  the 
.orbit,  ifl  more  than  9°  behind  the  true  or  observed  place. 
The  orbit  has  become  more  eccentric,  and  «e  motion  in  k 
more  unequable,  and  acquires  a  greater  equation.  Thin 
may  rise  to  T°  W,  instead  of  So  90',  whiah  corresponds 
to  the  mean  form  of  the  orbit. 

But  let  us  next  suppose-,  that  the  apsides  of  the  orbit 
lie  in  the  quadratures,  where  the  Moon's  gravitation  to  the 
Earth  is  increased  by  the  action  of  the  Sun.  Were  it  in- 
creased in  the  inverse  duplicate  ratio  of  the  distances,  the 
new  gravities  would  still  be  in  this  duplicate  proportion. 
But,  in  the  present  case,  the  greatest  addition  will  be  made 
to  the  smallest  force.  The  apogee  and  perigee  gravities, 
therefore,  will  not  diner  sufficiently ;  and  the  Moon,  set- 
ting out  from  the  apogee  in  one  quadrature,  will  not,  on 
her  arrival  at  the  opposite  quadrature,  come  so  near  the 
Earth  as  sbe  otherwise  would  have  done.  Or,  should  she 
set  out  from  her  perigee  in  one  quadrature,  she  will  not 
go  far  enough  from  the  Earth  in  the  opposite  quadrature} 
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that  is,  the  eccentricity  of  the  orbit  will,  in  both  cases,  be 
(BaMthad,  and,  ahmg  with  it,  the  equation  corresponding. 
OnreakulatMss  for  her  place  is  the  adjacent  opposition 
or  conjunction,  made  with  the  Ordinary  orbital  equation, 
wiB  he  faulty,  and  the  error*  wiH  be  of  the  opposite  Hnd 
tat  the  Ibrmer.  The  equation  necessary  in  the  present  ease 
will  not  exceed  6°  ST.  '    ' 

In  al)  intermediate  positions  of  the  apsides,  similar  ano^ 
malies  will  be  observed,  'verging  to  the  one  or  the  Other- 
extreme,  according  to  the  position  of  the  fine  of  the  ap- 
sides. The  equation  pro  expediendo  taicuh,  by  Dr  Hal-'- 
ley,  oontains  the  corrections  which  must  be  made  on  the 
equation  of  the  orbit,  in  order  to  bring  it  into  the'  state 
which  corresponds  with  the  present  eccentricity  of  the  or- 
bit, depending  on  tile  Sun's  position  in  relation  to  Its  trans- 
terse  axis. 

£85.  All  these  anomalies  are  distinctly  observed,  agree- 
ing with  the  deductions  from  the  effects  of  universal  gravi- 
tation with  the  utmost  precision.  The  anomaly  itself  was 
discovered  by  Ptolemy,  and  the  discovery  is  the  greatest 
mark,  of  his  penetration  and  sagacity,  because  it  is  extmno- 
ly  difficult  to  find  the  periods  and  the  changes  of  this  cor- 
rection, and  it  had  escaped  the  observation  of  Hipparchug, 
and  the  other  eminent  astronomers  at  Alexandria,  during 
three  hundred  years  of  continued  observation.  Ptolemy 
calkd  it  the  Equation  of  evectioh,  because  he  explained 
it  by  a  certain  shifting  of  the  orbit  His  explanation,  or 
rather  his  hypothesis  for  directing  bis  calculation,  is  moat 
ingenious  and  refined,  but  is  the  least  compatible  with 
other  phenomena  of  any  of  Ptolemy's  contrivances. 

S8&  The  deduction  of  this  anomaly  from  its  physical 
principles  was  a  far  more  intricate  and  difficult  task  than. 
the  variation  which  equation  had  furnished.  If  is,  how. 
ever,  accomplished  by  Newton  in  the  completes!  manner. 

It  is  an  interesting  case  of  the  great  problem  of  three 
bodiet,  which,  has  employed,  and  continues  to  employ,  the 
5 
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treats  and  best  efforts  of  the  great  mathematicians.  Mr 
Macbia  gave  a  pretty  theorem,  which  seemed  to  promise 
great  assistance  in  the  solution  of  this  problem.  Newton 
had  demonstrated,  that  a  body,  deflected  by  a  centripetal 
force  directed  to  a  fixed  point,  moved  so,  that  the  radius 
vector  described  areas  proportional  to  the  times.  Mr  Ma- 
chin  demonstrated,  that  if  deflected  by  forces  directed  to 
two  fixed  points,  the  triangle  connecting  it  with  them 
(which  may  be  called  the  plana  vectrix)  also  described  so- 
lids proportional  to  the  times.  Little  help  has  been  gotten 
from  it.  The  equations  founded  on  it,  or.  to  which  it 
leads,  are  of  inextricable  complexity. 

387.  Not  only  the  form,  bat  also  the  position  of  the  lu- 
nar orbit,  must  suffer  a  change  by  the  action  of  the  Sun.  It 
has  already  been  demonstrated,  that  if  gravity  decreased  fast- 
er than  in  the  proportion  of  -tj,  the  apsides  of  an  orbit  will 

advance,  but  will  retreat,  if  the  gravitation  decrease  at  a 
slower  rate.  Now,  we  have  seen,  that  while  the  Moon  is 
within  54°  44'  of  the  syrigies,  the  gravity  is  diminished  in 

a  greater  proportion  than  that  of  -p.  Therefore  the  ap- 
sides which  lie  in  this  part  of  the  synodical  revolution  must 
advance.  For  the  opposite  reasons,  while  they  He  within 
3Sp  Iff  of  the  quadratures,  they  must  recede.  But  since 
the  diminution  in  syzigy  is  double  of  the  augmentation  in 
quadrature,  and  is  continued  through  a  much  greater  por- 
tion of  the  orbit,  the  apsides  must,  in  the  course,  of  a  com- 
plete lunation,  advance  more  than  they  recede,  or,  on  the 
whole,  they  must  advance.  They  must  advance  most, 
and  recede  least,  when  near  the  syzigies ;  because  at  this 
time  the  diminution  of  gravity  by  the  disturbing  force 
bears  the  greatest  proportion  to  the  natural  diminution  of 
gravity  corresponding  to  the  elliptical  motion,  and  because 
the  augmentation  in  quadrature  will  then  bear  the  smallest 


KibyGoogle 


LONAR  theory.  189 

a  to  it,  because  the  conjugate  axis  of  the  ellipse 
is  in  the  line  of  quadrature. 

The  contrary  must  happen  when  the  apsides  are  near 
the  quadratures,  and  it  will  be  found  that,  in  this  case,  the 
recess  will  exceed  the  progress.  Is  the  octants,  the  mo- 
tion of  the  apsides  in  amtequentia  is  equal  to  their  mean 
motion ;  but  their  place  is  most  distant  from  their  true 
place,  the  difference  being  the  accumulated  sum  of  the  va- 
riations. 

But  since,  in  the  course  of  a  complete  revolution  of  the 
Earth  and  Moon  round  the  Sun,  the  apsides  take  every 
position  with  respect  to  the  line  of  the  syrigies,  they  will, 
on  the  whole,  advance.  Their  mean  progress  is  about 
three  degrees  in  each  revolution. 

288.  It  has  been  observed  already,  that  the  investigation 
of  the  effects  of  the  force  MK  is  much  more  difficult  than 
that  of  the  effects  of  the  force  ML.  This  last,  only  treating 
of  acceleration  and  retardation,  rarely  employs  more  than 
the  direct  method  of  fluxions,  and  the  finding  of  the  simpler 
fluents,  which  are  expressed  by  circular  arches  and  their 
concomitant  lines.  But  the  very  elementary  part  of  this 
second  investigation  engages  us  at  once  in  the  study  of 
curvature  and  the  variation  of  curvature ;  and  its  simplest 
process  requires  infinite  serieses,  and  the  higher  orders  of 
fluxions.  Sir  Isaac  Newton  has  not  considered  this  ques- 
tion in  the  same  systematic  manner  that  he  has  treated  the 
other,  but  has  generally  arrived  at  his  conclusions  by  more 
circuitous  helps,  suggested  by  circumstances  peculiar  to 
the  case,  and  net  so  capable  of  a  general  application.  He 
has  not  even  given  us  the  steps  by  which  he  arrived  at 
some  of  his  conclusions.  His  excellent  commentators,  Le 
Seur  and  Jaquier,  have,  with  much  address,  supplied  us 
with  this  information.  But  all  that  they  have  done  has 
been  very  particular  and  limited.  The  determination  of 
the  motion  of  the  lunar  apogee  by  the  theory  of  gravity  is 
found  to  be  only  one- half  of  what  is  really  observed.    This 
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«M  very  soon  remarked  by  Mr  Machin,  but  without  being 
able  to  amend  it ;  and  it  remained,  far  many  years,  a  sort 
of  blot  en  the  doctrine  of  universal  gravitation. 

288.  As  the  Newtonian  mathematics  continued  to  im- 
prove by  the  united  labours  of  the  first  geniuses  of  Eu- 
ros*X)  this  investigation  received  successive  improvements 
also.  At  last,  M.  Clairaut,  ■  about  the  year  1743,  consid- 
ered the  problem  of  these  bodies,  mutually  gravitating,  is 
general  terms.  But  finding  it  beyond  the  reach  of  our  at- 
tainments in  geometry,  unless  considerably  limited,  he  eon- 
fined  his  attention  to  a  case  which  suited  the  interesting 
case  of  the  lunar  motions.  He  supposed  one  of  the  three 
bodies  immensely  larger  than  the  other  two,  and  at  a  very 
great  distance  from  them ;  and  the  smallest  of  the  others 
revolving  round  the  third  in  an  ellipse  little  different  from 
a  aide ;  and  limited  his  attention  to  the  disturbance*  only 
of  this  motion.— With  this  limitation  he  solved  the  pro- 
blem of  the  lunar  theory,  and  constructed  tables  of  the 
Moon's  motion.  But  he  too  found  the  motion  of  the  ape- 
gee  only  one-half  of  what  is  observed. — Euler,  and  D'A- 
htmbert,  and  Simpson,  had  the  same  result ;  and  mathe- 
maticians began  to  suspect  that  some  other  force,  besides 
that  of  a  gravitation  inversely  as  the  square  of  the  dis- 
tance, had  some  share  in  these  motions. 

At  hut,  M  Clairaut  discovered  the  source  of  all  their 
mistaken  and  their  trouble.  A  term  had  been  omitted, 
which  had  a  great  influence  in  this  particular  circumstance., 
but  depended  on  some  of  the  other  anomalies  of  the  Ataon, 
with  which  he  had  not  suspected  any  connexion.  He 
round,  that  the  disturbances,  which  he  was  considering  aa 
relating  to  the  Moon's  motion,  ht  the  simple  ellipse,  should 
have  been  considered  as  relating  to  the  orbit  already  af- 
fected by  the  other  inequalities.  When  this  was  done,  be 
found  that  the  motion  of  the  apogee,  deduced  from  the 
action  of  the  Sun*  was  precisely  what  is  observed  to  obtain. 
Eider  and  D'Alembert,  who  were  employed  in  the  same 
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,  acceded  without  scruple  to  M.  Clniraut's 
improvement  ci  his  analysis ;  sad  all  are  now  snliinuil  with 
respect  to  the  competency  of  the  principle  of  universal  gra- 
vitation to  the  explanation  of  all  time  phenomena  of  the 


290.  In  the  -whole  of  the  preceding  btrerigatwo,  we 
hare  considered  the  disturbing  force  of  the  Sun  a»  acting 
in  the  plane  of  the  Moon's  orbit,  or  we  have  considered 
that  orbit  as  coinciding  with  the  plane  of  the  ecliptic  But 
the  Moon's  orbit  is  inclined  to  the  plane  of  the  ecliptic 
nearly  5°,  and  therefore  the  Sun  is  seldom  in  its  plana. 
His  action  must  generally  hare  a  tendency  to  dsaw  the 
Moon  out  of  the  plane  in  which  she  is  then  moving,  and 
thus  to  change  the  inclination  of  the  Moon's  orbit  to  the 


But  tins  oblique  force  may  always  be  resolved  into  two 
others,  one  of  which  shall  be  in  the  plane  of  the  orbit,  and 
the  other  perpendicular  to  it.  The  first  will  be  the  dis* 
tubing  force  already  considered  in  all  its  modifications. 
We  must  now  consider  the  elect  of  the  other.* 

291.  Let  A  C  B  0  (Fig.  85.)  be  the  Moon's  orbit  cut. 
ting  the  ecliptic  in  the  line  N  N'  of  the  nodes,  the  half 
NHAN'  being  raised  above  the  ecliptic,  and  the  other, 
half  NBON'  being  below  it.  The  clotted  circle  ia  the 
orbit,  turned  on  the  line  N  N'  till  it  coincide  with  the  plane 
of  the  ecliptic.  C,  O,  A,  and  B,  are,  as  formerly,  the 
points  of  sysigy  and  quadrature.  Let  the  Moon  be  in  M. 
Let  A  E  B  be  the  intersection  of  a  plane  perpendicular  to 


•  It  ia  very  difficult  to  give  rath  a  wpmnitatiwi  of  the  lunar  om 
bit,  inclined  to  the  plane  of  toe  ecliptiq,  that  the  line*  which  iep*e* 
ment  the  different  aflectkms  of  the  diitnrbing  force  may  appear  de. 
tubed  from  the  planes  of  the  orbit  and  ecliptic,  and  thus  enable  ua 
to  perceive  the  efficiency  of  them,  and  the  nature  of  the  effect  pro- 
duced. The  moat  attentive  cuimideration  by  the  reader  is  new  awry 
for  giving  him  a  distinct  notion  of  these  cbwimstanon. 
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the  ecliptic.  Draw  M  n  perpendicular  to  the  plane  AKB, 
and  therefore  parallel  to  the  ecliptic,  and  to  O  C  Take 
£1  equal  to  3  M  n,  and  join  MI.  M I  is  the  Sim's  dis- 
turbing force,  (271.)  and  E  M  measures  the  augmentation 
of  the  Moon's  gravitation  when  in  quadrature.  It  is  plain, 
that  M  I  is  in  a  plane  passing  through  E  S,  and  intersect- 
ing the  lunar  orbit  in  the  line  M  E,  and  the  ecliptic  in  the 
line  EI.  MI,  therefore,  does  not  lie  in  the  plane  of  the 
lunar  orbit,  nor  in  that  of  the  ecliptic,  but  is  between  them 
both.  The  force  M  I  may  therefore  be  conceived  as  re- 
solvable into  two  forces,  one  of  which  lies  in  the  Moon's 
orbit,  and  the  other  is  perpendicular  to  it.  This  resolution 
will  be  effected,  if  we  draw  I  i  upward  from  the  ecliptic, 
till  it  meet  the  plane  of  the  lunar  orbit  perpendicularly  in 
i.  Now  join  Mi,  and  complete  the  parallelogram  Miltn, 
having  M I  for  its  diagonal.  The  force  M I  is  equivalent 
to  Mi  lying  in  the  plane  of  the  Moon's  orbit,  and  M  « 
perpendicular  to  it.  By  the  force  M »  the  Moon  is  acce- 
lerated or  retarded,  and  has  her  gravitation  to  the  Earth 
augmented  or  diminished,  while  the  force  M  m  draws  the 
Moon  out  of  the  plane  NCM;  or  that  plane  is  made  to 
shift  its  position,  so  that  its  intersection  NN'  shifts  its  place 
a  little.  The  inclination  of  the  orbit  to  the  ecliptic  also  is 
affected.  Let  a  plane  I  i  G  be  drawn  through  I »  perpen- 
dicular to  the  line  N  N'  of  the  nodes.  The  line  E  G  is 
perpendicular  to  this  plane,  and  therefore  to  the  lines  G  I 
and  G  i.  Also,  I  i  G  is  a  right  angle,  because  I  »  was 
drawn  perpendicular  to  the  plane  M  t  G  E. 

Now,  if  E  M  be  considered  as  the  radius  of  the  tables, 
M  n  is  the  sine  of  the  Moon's  distance  from  quadrature. 
Call  this  q.  Then  E  I  =  3  q.  Also,  malting  E I  radius, 
I  G  is  the  sine  of  the  node's  distance  from  the  line  of  syzi- 
gy.  Call  this  s.  Also,  IG  being  made  radius,  I i  or  Mm 
is  the  sine  of  the  inclination  of  the  orbit  to  the  ecliptic. 
Call  this  t. 
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Therefore  we  have    E  M  :  E  I  =  R  :  $o 

EI  :  I6  =  B 

IG:  Mm^R 
Therefore         EM  :  M«  =  RS  ;  Sf  ** 

and  M»  =  3EMxS"'. 

Thus  we  hare  obtained  an  expression  of  the  force  M  w, 
which  tends  to  change  the  position  and  inclination  of  the 
orbit;  From  this  expression  we  may  draw  several  conclu- 
sions which  indicate  its  different  effects. 

Cor.  1.  This  force  vanishes,  that  is,  there  is  no  such 
force  when  the  Moon  is  in  quadrature.  For  then  q,  o* 
the  Hue  M  »,  is  nothing.  Now  q  being  one  of  the  nume- 
rical factors  of  the  numerator  of  the  fraction  ±=p-,  the  frac- 
tion itself  has  no  value.  We  easily  perceive  the  physical 
cause  of  the  evanescence  of  the  force  M  m  when  M  comes 
into  the  line  of  quadrature.  When  this  happens,  the 
whole  disturbing  force  has  the  direction  A  E,  the  then  ra- 
dius vector,  and  is  in  the  plane  of  the  orbit  There  is  no 
mich  force  as  M  in  m  this  situation  of  things,  the  disturb- 
ing force  being  wholly  employed  in  augmenting  the  Moon's 
gravitation  to  the  Earth. 

ft  The  force  Mm  vanishes  also  when  the  nodes  are  ib 
the  syzigy.  For  there'  the'  factor  s  in  the  numerator  vani- 
Isucb.  We  perceive  the  physical  reason  of  this  also.  For 
when  the  nodes  are  m  the  sysigies,  the  Sun  is  in  the  plane 
of  the  orbit ;  or  this  plane,  if  produced,  passes  thtougn 
the  Sun.  In  suqh  case,  the  disturbing  force  is  in  the  plane 
of  the  odnt,  and  can  have  no  part,  M  m  acting  out  of  that 
plane. 

3.  The  chief  varieties  of  the  force  M  m  depend,  how- 
ever, off  i,  the  sine  of  the  node's  distance  from  syzigy. 
For  In  every  revolution,  g  goes  through  the  same  series  of 
successive1  values,'  and'  I  remains  nearly  the  same  in  all'  re- 
volutions.     Therefore,  'the'  circtrmBtanct;  which  iriQ  most 
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distinguish  the  different  lunations  is  the  situation  of  the 
node. 

292.  This  force  bends  the  Moon's  path  toward  the  eclip- 
tic, when  the  points  M  and  I  are  on  the  same  side  of  the 
line  of  the  nodes,  but  bends  it  away^/rom  the  ecliptic  when 
N  lies  between  I  and  M.  This  circumstance,  kept  firmly 
iii  mind,  and  considered  with  care,  will  explain  all  the  de- 
viations occasioned  by  the  force  M  m.  Thus,  in  the  situa- 
tion of  the  nodes  represented  in  the  figure,  let  the  Moon 
set  out  from  conjunction  in  C,  moving  in  the  arch  CMAO. 
All  the  way  from  C  to  A,  the  disturbing  force  M I  is  be- 
low the  elevated  half  NMN'of  the  Moon's  orbit  between 
it  and  the  ecliptic,  and  therefore  the  force  M  m  pulls  the 
Moon  out  of  the  plane  of  her  orbit  toward,  the  ecliptic. 
The  same  thing  happens  during  the  Moon's  motion  from 
N  to  C.  This  will  appear  by  constructing  the  same  kind 
of  parallelogram  on  the  diagonal  M I  drawn  from  any  point 
between  N  and  C. 

When  the  Moon  has  passed  the  quadrature  A,  and  is 
in  M',  the  force  M'  I'  is  both  above  the  ecliptic,  and  above 
the,  elevated  half  of  the  Moon's  orbit.  This  will  appear 
by  drawing  M'g  perpendicular  to  E  N',  and  joining  g  I'; 
The  line  M'  g  is  in  the  orbit,  and  g  T  U  in  the  ecliptic, 
and  the  triangle  M'g  1'  stands  elevated,  and  nearly  per- 
pendicular on  both  planes,  so  that  M'  I'  is  above  them 
both.  In  this  case,  the  force  M'  m',  in  pulling  the  Moon 
out  of  the  plane  of  her  orbit,  separates  her  from  it. on  that 
side  which  is  most  remote  from  the  ecliptic ;  that  is,  causes 
the  path  to  approach  more  obliquely  to  the  ecliptic-  The 
'figure  $6.  will  illustrate  this.  N'  I'.  is  the  ecliptic,  and, 
M'N'  is  the  orbit,  both  seen  edgeways,  as  they  would  ap- 
pear to  an  eye  placed  in  t,  (35.)  in  the  line  N  N'  pro- 
duced beyond  the'  orbit  The  disturbing  force,  acting  in 
the  direction  M'  I',  may  be  resolved  into  M'p  in  the  direc- 
tion of  the  orbit  plane,  and  M'  m'<  perpendicular  to  it. 
The  part  M'  m',  being  .compounded  with  the  simultaneous 
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motion  M'  q,  composes  a  motion  M'  r,  which  intersects  the 
ecliptic  in  n.  When  M',-  in  Fig.  35,  gets  to  M",  the  path 
is  again  beat  toward  the  ecliptic,  and  continues  so  all  the 
way  from  N'  to  B,  where  it  begins  to  act  in  tlie  same  man- 
ner as  b  M'  between  A  and  N\ 

£99.  By  the  action  of  this  lateral  force,  the  orbit  must 
be  continually  shifting  its  position,  and  its  intersection  with 
the  ecliptic  ;  or,  to  speak  more  accurately,  the  Moon  is 
made  to  more  in  a  line  winch  does  not  lie  all  in  one 
plane.  In  imagination,  we  conceive  an  orbital  material 
fine,  somewhat  like  a  hoop,  of  an  elliptical  shape,  all  in  one 
plane,  passing  through  the  Earth,  and,  instead  of  conceiv- 
ing the  Moon  to  quit  this  hoop,  we  suppose  the  hoop  itself 
to  shift  its  position,  so  that  the  arch  in  which  the  Moon  is, 
in  any  moment,  takes  the  direction  of  the  Moons  motion 
in  that  .moment.  Its  intersection  with  the  ecliptic  (per-, 
haps  at  a  considerable  distance  from  the  point  occupied  by 
the  Moon)  shifts  accordingly.  This  hoop  may  be  con- 
ceived as  having  an  axis,  perpendicular  to  its  plane,  pass- 
ing through  the  Earth.  This  axis  will  incline  to  one  side 
from  the  pole  of  the  ecliptic  about  five  degrees,  and,  as 
the  line  NN'  of  the  nodes  shifts  round  the  ecliptic,  the  ex- 
tremity of  this  axis  will  describe  a  circle  round  the  pole  of 
the  ecliptic,  distant  from  it  about  5s  all  round,  just  as  the 
axis  of  the  Earth  describes  a  circle  round  the  pole  of  the 
ecliptic,  distant  from  it 'about  2S£  degrees. 

294.  When  the  Moon's  path  is  bent  toward  the  ecliptic,- ' 
she  must  cross  it  sooner  than  she  would  otherwise  have 
done.  The  node  will  -appear  to  meet  the  Moon,  that  is, 
to  shift  to  the  westward,  in  antecedent  rignorum,  or  to 
recede.  But  if  her  path  be  bent  more  away  from  the 
ecliptic,  she  must  proceed  farther  before  she  cross  it,  and 
the  nodes  will  shift  in  consequentia,.  that  is,  will  advance. 

Cor.  1.  , Therefore,  if  the  nodes  have  the  situation  re- 
presented in  the  figure,  in  the  second  and  fourth  quadrant, 
the  nodes  must  retreat  while  the  Moon  describes  the  arch 


ibyGoogle 


196  pinrsicix  astiohomt. 

NC  A,  or  the  arch  NOB,  that  is,  while  she  pates  from 
ii  node  to  the  next  quadrature.  But  while  the  Moos  de- 
scribes the  arch  A  N',  or  the  arch  B  N,  the  force  which 
pulls  the  Moon  from  the  plane  of  the  orbit)  causes  her 
to  pass  the  points  N'  or  N  before  she  reach  the  ecliptic, 
and  the  node  therefore  advances,  while  the  Mom  moves 
from  quadrature  to  a  node. 

It  b  plain,  that  the  contrary  must  happen  when  the 
nodes  are  situated  in  the  first  and  third  quadrants.  They 
will  advance  while  the  Moon  proceeds  from  a  node  to  the 
next  quadrature,  and  recede  while  she  proceeds  from  a 
quadrature  to  the  next  node. 

Cor.  %  In  each  synodkal  revolution  of  the  Moon,  the 
nodes,  on  the  whole,  retreat  For,  to  take  the  example 
represented  in  the  figure,  all  the  while  that  the  Moon 
moves  from  N  to  A,  the  line  M  I  Bes  between  the  orbit 
and  ecliptic,  and  the  path  is  continually  inclining  move  and 
more  towards  it,  and,  consequently,  the  nodes  are  all  this 
while  receding.  They  advance  while  the  Moon  nave* 
from  A  to  N'.  They  retreat  while  she  moves  Cram  r¥  to 
B,  and  advance  while  she  proceeds  from  B'  to  N.  The 
time,  therefore,  during  which  the  nodes  recede,  exceeds 
that  during  which  they  advance.  There  will  be  the  same 
difference  or  excess  of  the  regress  of  the  nodes  whan  they 
are  situated  in  the  angle  C  E  A. 

It  is  evident  that  the  excess  of  the  arch  N  C  A  above 
die  arch  BN  or  AN',  is  double  of  the  distance  N  C  of  die 
node  from  ay  zigy.  Therefore  die  retreat  or  westerly  mo- 
tion of  the  nodes  will  gradually  increase  as  they  pass  from 
syzigy  to  quadrature,  and  again  decrease  as  the  node  panaris 
from  quadrature  to  the  syzigy. 

Cor.  3.  When  the  nodes  are  in  the  quadratures,  the  la- 
teral force  Mm  is  the  greatest  possible  through  the  whole 

revolution,  because  the  factor  t  in  the  formula  -~=-    is 

then  equal  to  radius.     la  the  syxwjtes  it  is  nothing. 
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-  The  node*  make  a  complete  revolution  in  6603*  8"  65' 
18*,  but  with  groat  inequality,  as  appears  from  what  has 
bean  said  in  the  preceding  paragraphs.  The  exact  deter- 
mination of  their  motions  is  to  be  seen  in  Newton's  Princl- 
pia,  B.  III.  Prop.  38. ;  and  it  is  a  very  beautiful  example 
of  dynamical  analysis.  The  principal  equation  amounts 
to  1°  37'  46"  at  its  maximum,  and,  in  other  situations,  it 
is  proportional  to  the  sine  of  twice  the  arch  N  C.  The 
annual  regress,  computed  according  to  the  principles  of 
the  theory,  does  not  differ  two  minutes  of  a  degree  from 
what  is  actually  observed  in  the  heavens.  This  wonder- 
ful coinutdsBce  is  the  great  boast  of  the  doctrine  of  univer- 
sal gravitation.  At  the  same  time,  the  perusal  of  New- 
ton's  investigation  will  shew  that  such  agreement  is  not  the 
abviota  result  of  the  nappy  simplicity  of  the  great  regulat- 
ing power  i  we  shall  there  sec  many  abstruse  and  delicate 
curujnstaaoes,  which  must  be  considered  and  taken  into 
tke  account  before  we  can  obtain  a  true  statement. 

This  motion  of  the  nodes  is  accompanied  by  a  variation 
of  the  inclination  of  the  orbit  to  the  ecliptic  The  incli- 
nation increases,  when  the"  Moon  is  drawn  from  the  eclip- 
tic while  leaving  a  node,  or  toward  it  in  approaching  a 
nod*.  It  is  diminished,  when  the  Moon  is  drawn  toward 
the  ecliptic  when  leaving  a  node,  or  from  it  in  approaching 
a  node.  Therefore,  when  the  nodes  are  situated  in  the 
first  add  third  quadrants,  the  inclination  increases  while 
the  Moon  pi  ism  from  a  node  to  the  next  quadrature,  but 
it  diminishes  till  she  is  90°  from  the  node,  and  then  in- 
creases till  she  reaches  the  other  node.  Therefore,  in  each 
revolution,  the  inclination  is  increased,  and  becomes  con- 
tinually greater,  while  the  node  recedes  from  the  quadra- 
ture to  the  syzigy ;  and  it  is  the  greatest  possible  when  the 
nodes  ore  in  the  line  of  the  syzigies,  and  jt  is  then,  nearly 
SP  18'  30".  When  the  nodes  are  situated  in  the  second 
and  fourth  quadrants,  the  inclination  of  the  orbit  dimin- 
ishes while  the  Moon  pastes  from  the  node  to  die  90th 
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degree  ;  it  is  increased  from  thence  to  the  quadrature,  aaft 
then  diminishes  till  the  Moon  reaches  the  other  node. 
While  the  nodes  are  thus  situated,  the  inclination  dimin- 
ishes in  every  revolution,  and  is  the  least  of  all  when  the 
node  is  in  quadrature,  and  the  Moon  in  syzigy,  being  then 
nearly  4°-  8&,  and  it  gradually  increases  again  till  the 
nodes  reach  the  line  of  syzigyv  While  the  nodes  are  in 
the  quadratures,  or  in  the  syaigies,  the  inclination  ia  not 
sensibly  changed  during  that  revolution. 

Such  are  the  general  effects  of  the  lateral  force  M  «n, 
that  appear  on  a  slight  consideration  of  the  circumstances 
of  the  case.  A  more  particular  account  of  them  cannot 
be  given  in  this  outline  of  the  science.  We  may  just  add, 
that  the  deductions  from  the  general  principle  agree  pre- 
cisely with  observation.  The  mathematical  investigation 
not  only  points  out  the  periods  of  the  different  inequalities, 
and  their  relation  to  the  respective  positions  of  .  the  Sun 
and  Moon,  but  also  determines  the  absolute  magnitude  to 
which  each  of  them  rises.  The  only  quantity  deduced 
from  mere  observation  is  the  mean  inclination  of  the  Moon's  - 
orbit.  The  time  of  the  complete  revolution  of  the  nodes, 
and  the  magnitude  and  law  of  variation  of  this  motion, 
and  the  change  of  inclination,  with  all  its  varieties,  ace  de- 
duced from  the  theory  of  universal  gravitation. 

295.  There  is  another  case  of  this  problem,  which  is 
considerably  different,  namely,  the  satellites  of  Dr  Her- 
schels  planet,  the  planes  of  whose  orbits  are  nearly  per- 
pendicular to  the  orbit  of  the  planet.  This  problem  offers 
some  curious  cases,  which  deserve  the  attention  of  the  me- 
chanician; but  as  they  interest  us  merely  as  objects  of 
curiosity,  they  have  not  yet  been  considered. 

296.  There  is.  still  another  considerable  derangement  of 
the  lunar  motions  by  the  action  of  the  Sun.  We  have 
seen,  that  in  quadrature  the  Moon's  gravitation  to  the 
Earth  is  augmented  T$g,  and  that  in  syzigy  it  is  dimkw 
{shed  TfB.      Taking  the  whole  synodieal   revolution  to* 
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or  ,},.  That  is  to  say,  in  consequence  of  the  Sun's  ac- 
tion, the  general  gravitation  of  the  Moon  to  the  Earth 
it  3}T  less  than  if  the  Bun  were  away.  If  the  Sun  were 
away,  therefore,  the  Moon's  gravitation  would  be  j  h 
greater  than  her  present  mean  gravitation.  The  conse- 
quence would  be,  that  the  Moon  would  come  nearer  to  the 
Earth.  As  this  would  be  done  without  any  change  on 
her  velocity,  and  as  she  now  will  be  retained  in  a  smaller 
orbit,  she  will  describe  it  in  a  proportionally  less  time;  and 
we  can  compute  exactly  how  near  she  would  come  before 
this  increased  gravitation  will  be  balanced  by  the  velocity 
We  must  conclude  from,  this,  that  the  mean  distance  and 
the  mean  period  of  the  Moon  which  we  observe,  are  greater 
than  her  natural  distance  and  period.     - 

From  this  it  is  plain,  that  if  any  thing  shall  increase  or 
diminish  the  action  of  the  Sun,  it  must  equally  increase  or 
diminish  the  distance  which  the  Moon  assumes  from  the 
Earth,  and  the  time  of  her  revolution  at  that  distance. 

Now,  there  actually  is  such  a  change  in  the  Sun's  action.' 
When  the  Earth  is  m  pcrihciio,  in  the  beginning  of  Jan- 
nary,  she  is  nearer  the  Sun  than  in  July  by  1  part  in  80; 
consequently,  the  ratio  of  EM  to  E  S  is  increased  by  fa, 
or  in  the  ratio  of  80  to  'SI .  But  her  gravitation  (and  con- 
sequently the  Moon's)  to  the  Sun  is  increased  ^ ,  or  in 
die  ratio  of  80  to  38.  Therefore  the  disturbing  force  is 
inereased  by  1  part  in  10  nearly.  The  Moon  must  there- 
fore retire  farther  from  the  Earth  1  part  in  1790.  She 
must  describe  a  larger  orbit,  and  employ  a  greater  time. 

We  can  compute  exactly  what  is  the  extent  of  this 
change.  The  sidereal  period  of  the  Moon  is  27*  7*  48', 
or  S9843',  This  must  be  increased  irSo>  because  the 
Moon  retains  the  same  velocity  in  the  enlarged  orbit. 
This  will  make  the  period  393u'5'(  which  exceeds  the  other 
9%.     The  observed  difference  between  u  lunation  in  Jan- 
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uary  and  one  in  July  somewhat  exceeds  25'.  This,  when* 
reduced  in  the  proportion  of  the  sy  nodical  to  the  periodi- 
cal revolution,  agree*  with  this  mechanical  conclusion  with 
great  exactness,  when  the  computation  is  made  with  due 
attention  to  every  circumstance  that  can  affect  the  conclu- 
sion. For  it  must  be  remarked,  that  the  computation  ham 
given  proceeds,  ou,  the  legitimacy  of  assuming  a  general  di- 
minution of  git  of  the  Moon's  gravitation  as  equivalent  to 
the  variable  change  of  gravity  that  raaUy  takes  place.  Io 
the  particular  circumstance*  of  the  caw,  this  is  very  .nearly 
exact.  The  (rue  method  is  to  take  the  average  of  all  the 
disturbing  forces  M  K  through  the  quadrant,  multiplying 
each  by  the  time  of  its  action.  And  here  Euler  makes  a 
sagacious  remark,  that  if  the  diameter  of  the  JJoon's  orbit 
had  exceeded  its  present  magnitude  in  a  vary  con»derabla 
proportion,  it  would  scarcely  have  been  possible  to  assign 
the  period  in  which  she  would  have  revolved  round  the 
Earth ;  and  the  greatest  part  of  the  methods  by  which  the 
problem  has  been  solved  could  not  have  been  employed. 

297.  There  still  remains  an  anomaly  of  the  lunar  mo* 
tions  that  has  greatly  puzzled  the  cultivators  of  physical 
'  astronomy.  Dr  HaUey,  when  comparing  the  ancient  Chat 
dean  observations  with  those  of  modern  times,  in  order  to 
obtain  an  accurate  measure  of  the  period  of  the  Moon's  re- 
volution, found,  that  some  observations  made  by  the  Ara- 
bian astronomers,  in  the  eighth  and  ninth  centuries,  did 
not  agree  with  this  measurei  When  the  lunar  period  was 
deduced  from  a  comparison  of  the  Chaldean  observation* 
with  the  Arabian,  the  period  was  sensibly  greater  than 
what  was  deduced  from  a  comparison  of  the  iVrshisgi  and 
the  modern  observations ;  so  that  the  Moon's  mean  motion 
seems  to  have  accelerated  a  little.  This  conclusion  was 
confirmed  by  breaking  each  of  these  long  intervals  into 
parts.  'When  the  Chaldean  and  Alexandrian  observations 
were  compared,  they  gave  a  longer  period  than,  the  Alex* 
andrian  compared  with  the  Arabian  of  the  eighth  century; 
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and  this  last  period  exceeded  what  is  deduced  from  a  com- 
parison  of  the  Arabian  with  the  modern  observations ;  and 
even  the  compariaon  of  the  modem  observations  with  each 
other  shews  a  coutinned  diminution.  This  conjecture  was 
motived  by  the  mechanical  philosophers  with  hesitation, 
kcauwnoMUM  could  be  assigned  for  die  aceebnatiooj 
Man  the  bok  that  the  NawtoMan  philosophy  has  been  cuJU 
ttMted,  the  mm  coandently  did  it  appear  that  the  mean 
distances  a»d  periods  eouU  ■  sestain  no  change  from' the 
mutual  action  of  ike  planets.'  Nay,  M.  de  la  Grange  hat 
at  last  demonstrated,  that  in  the  solar  system,  m  it  exists, 
dm  is  strictly  true,  as  to  any  change  that  wiH  be  perma- 
nent:  all  fa  periodical  and  compensatory.  Yet,  as  obser- 
vation also  improved,  this  acceleration  of  die  Moon's  moan 
motion  became  undeniable  and  conspicuous,  and  it  fat  now 
admitted  by  every  astronomer,  at  the  rate  of  about  11'  in 
a  century,  and  her  change  of  longitude  increases  in  the 
tiapBoate  ratio- of  the  times. 

Various  attempts  hare  been  made  to  account  for  this 
acceleration.  It  was  imagined  by  several,  that  it  was  owing 
to  the  resistance  of  the  celestial  spaces,  which,  by  dimin- 
ishing the  progressive  velocity  of  the  Moon,  caused  her  to 
Ut  within  her  preceding  orbit,  approaching  the  Earth 
continually  in  a  sort  of  elliptical  spiral  But  die  free  mo- 
tion of  the  tails  of  comets,  the  rare  matter  of  which  seems 
to  meet  with  no  sensible  resistance,  rendered  this  explana- 
tion unsatisfactory.  Others  were  disposed  to  think,  that 
gravity  did  not  operate  instantaneously  through  the  whole 
extent  of  its  influence.  The  application  of  this  principle 
cad  not  seem  to  be  obvioua,  nor  its  effects  to  be  very  clear 
or  definite. 

At  last,  M.  de  la  Place  discovered  the  cause  of  this  per- 
plexing fact ;  and  in  a  dissertation  read  to  the  Royal  Aca- 
demy of  Sciences  in  IT8£,  he  shews,  that  the  acceleration 
of  the  Moon's  mean  motion  necessarily  arises  from  a  small 
change  in  the  eccentricity  of  the  Earth's  orbit  round  the 

Digitized  bvG00g[e 


202  .  psreiCAi.  astsouohv..' 

Sun,  which  is  now  diminishing,  and  will  continue  to  di- 
minish for  many  centuries,  by  the  mutual  gravitation  of 
the  planets.  He  was  led  to  the  discovery  by  observing,  in 
the  series  which  expresses  the  increase.  «£  the  lima?  period 
by  the  disturbing,  force  of  the  Son  ■  (*  series  formed  of 
sines  and  cosines  of  the  Moon's  angular  motion  and  that 
multiples),  a  term  equal  to  i\3  of  her  angular  mobon 
multiplied  by  the  square  of  the  eccentricity,  of  the  Eorl&s 
orbit;  i  Consequently,  whan  this  eccentricity,  hecoinea 
smaller,  the  natural  period  of- the  Moon, is  Jess  enlarged 
by  the  Sub's  action,  and  therefore,  if  theEsruYs  eccentri- 
city continue  to  diminish,  so  will  the  huuur  period,  and  thai 
in  a  duplicate  proportion.  Without  entering  into  the  dis- 
cussion of  this  analysis,  which  is  abundantly  complicated, 
we  may  see  the  general  effect  of  a  diminution  of  the 
Earth's ;  eccentricity  in  this  manner.  The  ratio  of  the 
cube  of.  the  mean  distance  of  the  Earth  from  the  Sun  to 
the  cube  of  her  perihelion  distance,  is  greater  than:  the  ra- 
tio of  the  cube  of  her  aphelion  distance  to  that  of  the  Mean-. 
distance.  Hence  it  follows,  that  the  increase  of  the  mean, 
lunar  period,  during  the  .smaller  distances  of  the  EajU* 
from  the  Sun,  is  greater  than  its  diminution'  during  her 
greater  distances ;  and  the  sum  of  all  the  lunations,  during, 
a  complete  revolution  of  the  Earth,  exceeds  the  sum  of 
the  lunations  that  would  have  happened  in  the  same  time, 
had  the  Earth  remained  at  her  mean  distance  from  the 
Sun.  Therefore,  as  the  Earth's  eccentricity  diminishes, 
the  lunar  period  also  diminishes,  approximating  more  and 
more  to  her  period,  undisturbed  by  the  change  in  the  Sun's 
action.  M.  de  la  Place  finds  the  diminution  in  a  century. 
=  1I",135,  which  differs  little  from  that  assumed  by 
Mayer  from  a  comparison  of  observations.  This  centurial 
change  of  angular  velocity  must  produce  a  change  in  the 
space  described,  that  is,  in  the  Moon's  longitude,  in  the 
duplicate  proportion  of  the  time,  as  in  any  uniformly  ac 
celenrted  motion.     Therefore  ll',135,  multiplied  by  the 
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square  of  the  number  of  centuries  forward  or  backward, 
will  give  the  correction  of  the  Moon's  longitude  computed 
by  the  present  tables.  JLs  Place  finds,  that,  in  going  back 
to  the  Chaldean  observations,  we  must  employ  another 
term  (nearly  ^  of  a  second)  multiplied  by  the  cube  of  the 
number  of  centuries.  With  these  corrections,  the  compu- 
tation, of  the  Moons  place  agrees  with  all  observations, 
aascient  and ' modern,  with  most i wonderful  accuracy;  so 
that  there  no  ■  longer  remains  any  phenomenon  in  the  sys- 
tem which  is  not  deducible  from,  the  Newtonian  gravita- 
tion. 

898.  We  should,  before  concluding  this  account  of  the 
perturbations  of  the  planetary  motions,  pay  some  attention 
to  the  motions  of  the  other  secondary  planets,  and  particu- 
larly of  Jupiter's  satellites,  seeing  that  the  exact  knowledge 
of  their  motions  is  almost  as  conducive  to  the  improvement 
of  navigation  and  geography  as  that  of  the  lunar  motions. 
But  there  is  no-  room  for  this  discussion,  and  we  mutt  refer 
to  the  dissertations  of  Wargentin,  Prosperin,  La  Place,  and 
others,  who  have  studied  the  operation  of  physical  causes  on 
those  little  planets  with  great  assiduity  and  judgment,  and 
with  the  greatest  success-  The  little  system  of  Jupiter  and 
his  satellites  has  been  of  immense  service  to  the  philosophi- 
cal study  of  the  whole  solar  system.  Their  motions  are  so 
rapid,  that,  in  the  course  of  a  few  years,  many  synodical 
periods  are  accomplished,  in  which  the  perturbations  aris- 
ing from  their  mutual  actions  return  again  in  the  same 
order.  Nay,  such  synodical  periods  have  been,  observed  as 
bring  the  whole  system  again  into  the  same  relative  situa- 
tion of  its  different  bodies.  And,  in  cases  where  this  is  not 
accurately  accomplished,  the  deficiency  introduces  a  small 
difference  between  the  perturbations  of  any  period  and  the 
corresponding  perturbations  of  the  preceding  one;  by 
which  means  another  and  much  longer  period  is  indicated,  in 
which  this  difference  goes  through  all  its  varieties,  swelling 
to  a  maximum,  and  again  diminuhing  to  nothing.    Thus 
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the  system  of  Jupiter  and  bis  satellites,  as  a  sort  of  epitome 
of  the  great  solar  system,  has  suggested  to  the  sagacious 
philosopher  the  proper  way  of  studying  the  gnat  system, 
namely,  by  looking  out  for  similar  periods  in  its  anomalies, 
and  by  boldly  asserting  the  reality  of  such  corresponding 
equations  as  can  be  shewn  to  result  from  the  operation  of 
tuner**!  gravitation.  The  fact  is,  that  we  have  now  the 
most  demonstrative  knowledge  of  many  such  periods  and 
equations,  which  could  not  be  deduced  from  the  observa- 
tions of  many  thousand  years. 

In  the  course  of  this  investigation,  M.  de  la  Grange  baa 
made  an  important  observation,  winch  be  has  demonstrated 
in  the  moat  incontrovertible  manner,  namely,  that  it  neces- 
sarily results  from  the  small  eccentricity  of  the  planetary 
orbits — their  small  inclination  to  each  other— the  immense 
bulk  of  the  Sun— and  from  the  planets  all  moving  in  one 
direction— that  all  the  perturbations  that  are  observed,  nay 
aU  thai  am  exist  in  this  system,  are  periodical,  and  are 
compensated  in  opposite  points  of  every  period.  He  shews 
also  that  the  greatest  perturbations  are  so  moderate,  that 
none  but  an  astronomer/  will  observe  any  difference  between 
this  perturbed  state  and  the  mean  state  of  the  system.  The 
mean  distances  and  the  mean  periods  remain  for  ever  the 
same.  In  short,  the  whole  assemblage  will  continue,  at- 
most  to  eternity,  in  a  state  fit  for  its  present  purposes,  and 
not  distinguishable  from  Its  present  state,  except  by  the 
prying  eye  vf  an'  astronomer. 

Cold,  we  thtnk,  must  be  the  heart  that  is  not  affected  by 
this  mark  of  beneficent  wisdom  in  the  Contriver  of  the 
magnificent  fabric,  so  manifest  in  selecting  for  its  connect- 
ing principle  a  power  so  admirably  fitted  for  continuing  to 
answer  the  purposes  of  its  first  formation.  And  he  must 
be  little  susceptible  of  moral  impression  who  does  not  feel 
himself  highly  obliged  to  the  Being  who  has  made  him 
capable  of  perceiving  this  display  of  wisdom,  and  has  at- 
tached to  this  perception  sentiments  so  pleasing  and  de- 
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Kghtful.  The  extreme  shnpbeity  of  trte  constitution  of  tbc 
solar  system  is  perhaps  the  moat  remarkable  feature  of  its 
beauty.  To  this  efrcumstaaee  are  we  indebted  for  the 
pleasure  afforded  by  the  contemplation.  For  it  is  this  alow 
that  has  allowed  our  limited  understanding  to  acquire  such 
a  comprehensive  body  of  well-founded  knowledge,  far  ex- 
ceeding, bodt  in  extent  and  In  accuracy,  any  thing  attained 
in  other  paths  of  philosophical  research.  But  we  ham  not 
yet  seen  all  the  capabilities  of  this  wonderfulfpower  of  na- 
ture. Let  us  therefore  still  follow  our  excellent  leader  in 
a  new  path  of  investigation. 

QTtte  Figures  of  the  Planets. 

299.  Sir  Isaac;  Newton,  having  so  happily  explained  all 
the  phenomena  of  progressive  motion  exhibited  by  the 
heavenly  bodies,  by  shewing  that  they  are  all,  without  ex- 
ception, modified  examples  of  deflection  towards  one  ano- 
ther, ia  the  amrse  duplicate  ratio  of  the  distances,  was  in* 
duced  to  Axamtae  the  other  motion*  observed  in  some  of 
those  bodies,  to  see  what  modification  these  motions  receiv- 
ed by  ton  influence  rf  universal  gravitation.  The  Sua,  and 
several  planets,  turnaround  their  axis.  The  study  of  celestkl 
mechanises  is  not  complete,  tin  we  see  whether  this  hind  off 
motion  ia  in  any  way  influenced  by  gravitation. 

It  does  not  appear,  at  first  conssnaratioB,  that  there  can 
be  any  great  mystery  in  the  mere  rotation  of  a  body  round 
itsaxk.  It  seems  to  be  one  of  the  simplest  — — t.«i««il 
questions.  But  the  (act  is  just  the  opposite.  Before  the 
rotative  motion  that  we  observe  in  our  Earth  can  be  scour* 
ed,  in  the  way  in  which  we  see  it  actually  performed,  ad- 
justments are  necessary,  which  are  very  abstruse,  and  new- 
quired  all  the  sagacity  of  Newton  to  discoWr  sad  appro. 
date;  and  it  is  acknowledged  that  this  is  the  department 
of  physical  astronomy  where  his  acutenaes  of  discernment  < 
appear*  the  most  remarkable.     It  is  alto  the  chaw  of  phe- 
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nomena  in  which  the  effects  of  universal  gravitation  are 
most  convincingly  seen.  For  this  reason,  some  more  notice 
will  be  taken  of  the  rotation  of  the  planets,  and  of  its  con- 
sequences, than  is  usually  done  in  our  elementary  treatises. 
But,  as  in  the  other  departments,  so  here,  it  is  only  the 
more  simple  and  general  facts  that  can  be  considered.  To 
go  a  very  small  step  beyond  these,  engages  us  at  once  in 
the  most  difficult  problems,  which  have  occupied  and  still 
occupy  the  first  mathematicians  of  Europe,  and  require  all 
the  resources  of  their  science.  Such  discussion,  however, 
would  be  unsuitable  here.  But  without  some  attempt  of 
this  kind,  we  must  remain  ignorant  of  the  mechanism  of 
some  phenomena,  more  familiar  and  important  than  many 
of  those  which  we  have  already  discussed. 

When  a  body  turns  round  an  axis,  each  particle  describes 
a  circle,  to  which  this  axis  b  perpendicular.  Now  we  know 
that  a  particle  of  matter  cannot  describe  a  circle,  unless  some 
deflecting  force  retain,  it  in'  the  periphery.  In  coherent 
masses,  this  retaining  force  is  supplied  by  the  .cohesion.  But 
even  this  is  a  limited  thing.  A  stone,  may  be  so  briskly 
whirled  about  in  a  sling,  that  the  cord  will  break.  Grind- 
stones are  sometimes  whirled  about  in  our  manufactures 
with  such  rapidity  that  they  split,  and  the  pieces  fly  off 
with  prodigious  force.  If  matters  be  lying  loose  on  the 
surface  of  a  revolving  planet,  their'  gravitation  may  be  in- 
sufficient to  retain,  them  in  that  velocity  of  rotation.  In 
every  case,  the  force  which  actually  retains  such  loose  bodies  < 
on  the  surface  can  be  found  only  in 'their  weight ;  and  part 
of  it  is  thus  expended,  and  they  continue  to  press  the 
ground  only  with  the  remainder.  If  the  velocity  of  rota- 
tion' be  increased  to.  a  certain  degree,  it  may  require  the 
whole  weight  of  the  body  for  its  supply,  if  the  velocity 
still  increase,  the  body  is  not  retained,  but  thrown  off.  If 
this. Earth  turn  round  in  84  minutes,  things  lying  on  the  . 
equator  might  remain  there ;  but  they  would  not  press  the 
ground,  nor  stretch  the  thread  of  a  plummet.  -  For  this  is 
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precisely  the  time  in  which  a  planet  would  circulate  round 
the  Earth,  close. .to  the  surface,  moving  about  1?  times 
faster  than  a  cannon  ball.  The  weight  of  the  body,  de- 
flecting it  16  feet  in  a  second,  just  keeps  it  in  the  circum- 
ference of  a  circle  close  to  the  surface  of  the  Earth.  The 
Earth,  turning  as  fast,  will  have  the  planet  always  imme- 
diately above  the  same  point  of  its  surface;  and  the  planet 
will  not  appear  to  have  any  weight,  because  it  will  not  de- 
scend, but  keep  hovering  over  the  same  spot.  If  the  ro- 
tation were  still  swifter,  every  thing  would  be  thrown  off, 
as  we  see  water  flirted  from  a  mop  briskly  whirled  round, 

300.  As  things  are  really  adjusted,  this  does  not  happen. 
But  yet  there  is  a- certain  measureable  part  of  the. weight 
of  any  body  expended  in  keeping  it  »t  rest,  in  the  place 
where  it  lies  loose,  At  the  equator,  a  body  lying  on  the 
ground  describes,  in  one  second,  an  arch  of  1528  feet  near- 
ly. This  deviates  from  the  tangent  nearly  T6B^  of  an  inch. 
This  is  very  nearly  „| ,  part  of  16,'g  feet,  the  space  through 
which  gravity,  or.  its  heaviness,  would  cause  a  stone  to  fall 
in  that  time.  Hence  we  must  infer  that  the  centrifugal 
tendency  arising  from  rotation  is  ,J ,  of  the  sensible  weight 
of  a  body  on  the  equator,  and  B  j  ,  of  its  real  weight  Were 
this  body  therefore  taken  to  the  pole,  it  would  manifest  a 
greater  heaviness,  If,  at  the  equator,  it  drew  out  the  scale 
of  a  spring  steelyard  to  the  division  288,  it  wquld draw  it. 
to  280  at  the  pole. 

3Q1.  M.  Richer,  a  Preach  mathematician,,  .gt^uig  fp 
Cayenne  in  167?,  .wafl'directed  tq  nwke.some  astronomical 
observations  there,  and,  was  provided  .with  a . pep^idum* 
clock  for  this  purpose.  He  .found  that  his  clock,  [which  had. 
been  carefully. adjusted  .to.  meai*  time  at.l'aris,.  lost  above 
two  minuses  every  day,,  and  he,,  was;  obliged,  to  shorten,  the 
pendulum.  T^  of  an  inch  before  it  kept  right  time.  Hence 
he  concluded,  that,  a  heavy  bocjy  droned  ajt  £ayenn» 
would  not  fall  193,uiches  in  a.secbnd..  (It  worjd .fal^nly 
about  1908>     Richer  immediately ..wrote  an  aocpupt  of,  this; 
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very  singular  diminution  of  gravity.  It  «M  scouted  by  al- 
most all  the  philosophers  of  Europe,  bat  has  been  con- 
firmed by  many  repetitions  of  the  experiment.  Here'  then 
is  a  direct  proof  that  the  heaviness  of  a  body,  whether  con- 
sidered as  a  mere  pressure,  or  as  an  accelerating  force,  is 
employed,  trod  in  part  expended,  in  keeping  bodies  united 
to  a  whirling  planet 

80S.  These  considerations  are  not  new.  Even  in  ancient 
times,  men  of  reflection  entertained  such  thoughts.  The 
celebrated  Roman  general  Polyoma,  one  of  the  most  intel- 
ligent philosophers  of 'antiquity,  is  quoted  by  Strafed,  as 
saying,  that  in  consequence  of  the  Earth's  rotation,  every 
body  was  made  lighter,  and  that  the  globe  itself  swelled  out 
hi  the  middle.  Were  it  not  so,  Bays  be,  the'  waters  of  the 
ocean  would  all  run  to  the  shores  of  the  torrid  zone,  and 
leave  the  polar  regions  dry.  Dr  Hooke  is  the  first  modern 
philosopher  who  professed  this  opinion.  Mr  Hnyghem, 
however,  is  the  first  who  gave  it  the  proper  attention.  Oc- 
cupied at  the  time  of  Rieher's  remark  with  his  pendulum 
docks,  he  took  great  interest  in  this  observation  at  Cayenne', 
and  instantly  perceived  the  true  cause  of  the  retardation  of 
Rieher's  dock.  He  perceived  that  pendulums  must  vibrate 
more  slowly,  in  proportion  as  their  situation  removes  them 
father  from  the  axis  of  the  Earth ;  and  be  assigned  the 
proportion  of  the  retardation  in  different  places. 

303.  Resuming  this  subject  some  time  after,  it  occurred 
to  him,  that  unless  the  Earth  be  protuberant  all  around 
the  equator,  the  ocean  must  overflow  the  lands,  increasing 
in  depth  tin*  the  height  of  the  water  compensated  for  its 
diminished  gravity.  He  considers  the  condition  of  the 
water  in  a  canal  reaching'  from  the  surface  of  the  equator 
to  the  centre'  of  the  Earth  (suppose  the  canal  C  Q,  Fig. 
5 )  and  tfiere  commnnicttting  with  X  canal  C  N  reaching 
from  the  centre  to  the  pole.  The  water  in  the  last  must 
retain  all  its  natural  gravity,  because  its'  particles  do  not 
describe  circles  round  the  axis.    But  every  particle  in  the 
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column  C  Q  reaching  to  die  surface  of  the  equator  must 
have  its  weight  diminished  in  proportion  to  its  distance 
from  the  centre  of  the  globe.  Therefore  the  whole  dimi- 
nution will  be  the  same  as  if  each  particle  lost  half  as  much 
as  the  outermost  particle  loses.  This  is  very  plain.  There- 
fore these  two  columns  cannot  balance  each  other  at  the 
centre,  unless  the  equatoreal  column  be  longer  than  the 
polar  column  by  j|T  (for  the  extremity  of  this  column  loses 
jiv  of  its  weight  by  the  centrifugal  force  employed  in  the 
rotation.) 

Being  an  excellent  and  zealous  geometer,  this  subject 
seemed  to  merit  his  serious  study,  and  he  investigated  the 
form  that  the  ocean  must  acquire  so  as  to  be  m  equilibria. 
This  he  did  by  inquiring  what  will  be  the  position  of  a 
plummet  in  any  latitude.  This  he  knew  must  be  perpen- 
dicular to  the  surface  of  still  water.  On  the  supposition  of 
gravity  directed  to  the  centre  of  the  Earth,  and  equal  at  all 
distances  from  that  centre,  he  constructed  the  meridional 
curve,  which  should  in  every  point  have  the  tangent  per- 
pendicular to  the  direction  of  a  plummet  determined  by  him 
on  these  principles. 

904;  At  this  very  time,  another  circumstance  gave  a 
peculiar  interest  to  this  question  of  the  figure  of  the  Earth. 
The  magnificent  project  of  measuring  the  whole  arch  of 
the  meridian  which  passes  through  France  was  then 
carrying  on.  It  seemed  to  result  from  the  comparison 
of  the  lengths  of  the  different  portions  of  this  arch, 
that  the  degrees  increased  as  they  were  more  southerly. 
This  made  the  academicians  employed  in  the  measure- 
ment conclude  that  the  Earth  was  of  an  egg-like  shape. 
This  was  quite  incompatible  with  the  reasoning  of  Mr 
Huygbens.  The  contest  was  carried  on  for  a  long  while 
with  great  pertinacity,  and  some  of  the  first  mathemati- 
cians of  the  age  abetted  the  opinion  of  those  astronomers, 
and  the  honour  of  France  was  made  a  party  in  the  dispute. 
The  opinion  of  Mr  Huyghens,  the  greatest  ornament  of 
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tlieir  academy,  could  not  prevail ;  indeed  his  inference) 
were  such,  in  some  respects,  that  even  the  impartial  mathe, 
maticians  were  dissatisfied  with  them.  The  form  which 
he  assigned  to  the  meridian  was  very  remarkable,  consist- 
ing of  two  paraboloids!  curves,  which  bad  their  vertex  in 
the  poles,  and  their  branches  intersected  each  other  at  the 
equator,  there  forming  an  angular  ridge,  elevated  about 
seven  miles  above  the  inscribed  sphere.  No  such  ridge 
had  been  observed  by  the  navigators  of  that  age,  who  bad 
often  crossed  the  equator.  Nor  had  any  person  on  shore 
at  the  line  observed  that  two  plummets  near  each  other 
were  not  parallel,  but  sensibly  approached  each  other.  All 
this  was  unlike  the  ordinary  gradations  of  nature,  in  which 
we  observe  nothing  abrupt. 

305.  While  this  question  was  so  keenly  agitated  in 
France,  Mr  Newton  was  engaged  in  the  speculations  which 
have  immortalized  his  name,  and  it  was  to  him  an  interest- 
ing thing  to  know  what  form  of  a  whirling  planet  was  codit 
patible  with  an  equilibrium  of  all  the  forces  which  act  on 
its  parts.  He  therefore  took  the  question  up  in  its  most 
simple  form.  He  supposed  the  planet  completely  fluid, 
and  therefore  every  particle  is  at  liberty  to  change  its  place, 
if  it  be  not  in  perfect  equilibrium.  The  particles  all  attract 
one  another  with  a  force  in  the  inverse  duplicate  ratio  of 
the  distance,  and  they  are  at  the  same  time  actuated  by  a 
centrifugal  tendency,  in  consequence  of  the  rotation ;  or, 
to  express  it  more  accurately,  part  of  those  mutual  attrspr 
tions  is  employed  in  keeping  the  particles  in  their  different 
circles  of  rotation.  He  demonstrated  that  this  was  possi- 
ble, if  the  globe  have  the  form  of  an  elliptical  spheroid, 
compressed  at  the  poles,  and  protuberant  at  the  equator 
9f  i  part  of  the  axis.  He  also  pointed  out  the  phenomena 
by  which  this  may  be  ascertained,  namely,  the  variation  of 
gravity  aa  we  recede  from  the  equator  to  the  poles,  shew- 
ing that  the  increments  of  sensible  gravity  are  as  the  squares 
of  the  sines  of  the  latitude.     This  can  easily  be  decided  by 
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s  with  nice  pendulum  clocks.  He  shewed  also 
that  the  remaining  gravity,  on  different  parts  of  the  Earth's 
surface,  is  inversely  proportional  to  the  distance  from  the 
centre,  when  estimated  in  the  direction  of  the  centre,  &c 
&c  His  demonstration  of  the  precise  elliptical  form  con- 
nate is  proving  two  things :  1st,  That  on  this  supposition, 
gravity  is  always  perpendicular  to  the  surface  of  the  sphe- 
roid :  2d,  That  all  rectilineal  canals  leading  from  the  centre 
to  the  surface  will  balance  one  another.  Therefore  the 
ocean  will  maintain  its  form. 

It  was  some  time  before  the*  philosophy  of  Newton  could 
prevail  in  France  over  the  hypothesis  of  the  French  philo- 
sopher Des  Cartes;  and  the  great  mathematician  Ber- 
noulli endeavoured  to  shew  that  the  oblong  form  of  the 
Earth  which  had  been  demonstrated  (he  says)  by  the 
measurement  of  the  degrees,  was  the  effect  of  the  pressure 
of  the  vortices  in  which  the  Earth  was  carried  about. 

SOfi  Mr  Hermann,  a  mathematician  of  most  respectable 
talents,  took  another  view  of  the  question  of  the  figure  of 
the  Earth.  Newton  had  demonstrated,  in  the  most  con- 
vincing manner,  that  particles  gravitated  to  the  centre  of 
similar  solids,  or  portions  of  a  solid,  with  farces  propor- 
tional to  their  distances  from  the  centre.  Hermann  availed 
himself  of  this,  and  of  another  theorem  of  Newton  founded 
on  it,  viz.  that  superficial  gravity  in  different  latitudes  is 
inversely  as  the  distance  from  the  centre.  But  he  observed 
that  Newton  had  by  no  means  demonstrated  the  elliptical 
form,  but  had  merely  assumed  it,  or,  as  it  were,  guessed  at 
it  This  it  indeed  true,  and  his  application  is  made  by 
means  of  the  vulgar  rule  of  false  position.  Hermann, 
therefore,  set  himself  to  inquire  what  form  a  fluid  will 
assume  when  turning  round  an  axis,  its  particles  situated  in 
the  same  diameter  gravitating  to  the  centre  proportionally 
to  their  distance,  yet  exhibiting  a  superficial  gravity  in 
different  parts  inversely  as  the  distance  from  the  centre. 
He  found  it  to  be  an  ellipse,  with  such  a  protuberancy, 
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that  the  radius  of  equator  is  to  the  eeitiiaxis  in  the  subdup- 
licate  ratio  of  the  primitive  equatoreal  gravity  to  the  re- 
maining equatoreal  gravity.  This  gives  the  same  propor- 
tion of  the  axes  which  had  been  assigned  by  Huyghens, 
though  accompanied  by  a  very  different  form.  He  then 
inverted  his  process,  and  demonstrated  the  perpendicularity 
of  gravity  to  the  surface,  the  equilibrium  of  canals,  and 
some  other  conditions  that  appeared  indispensable ;  and  he 
found  all  right.  This  confirmed  him  in  his  theory,  and  be 
round  fault  with  Dr  D.  Gregory,  the  commentator  of 
Newton,  for  adhering  to  Newton's  form  of  the  ellipse.  He 
defied  them  to  point  out  any  fault  in  his  own  demonstra- 
tion of  the  elliptical  figure,  and  considered  this  as  sufficient 
for  proving  the  inaccuracy  of  the  Newtonian  conjecture, 
for  it  could  get  no  higher  name. 

307.  By  very  slow  degrees,  the  French  academicians  be- 
gan to  acknowledge  the  compressed  form  of  the  Earth,  and 
to  re-examine  their  observations,  by  which  it  had  seemed 
that  the  degrees  increased  to  the  southward.  They  now 
affected  to  find  that  their  measurement  had  been  good,  but 
that  some  circumstances  had  been  overlooked  in  the  calcu- 
lations, which  should  have  been  taken  into  the  account. 
But  they  were  not  aware  that  they  were  now  vindicating 
the-goodness  of  their  instruments,  and  of  their  eyesight  at 
the  expence  of  their  judgment 

All  these  things  made  the  problem  of  the  figure  of  the 
Earth  extremely  interesting  to  the  great  mathematical  phi- 
losophers. Newton  took  no  part  in  the  further  discussion, 
being  satisfied  with  the  evidence  which  he  had  for  his  own 
determination  of  the  precise  species  of  the  terraqueous 
spheroid.  His  philosophy  gradually  acquired  the  ascend- 
ancy ;  but  the  comparison  made  of  the  degrees  of  the  meri- 
dian, argued  a  smaller  ellipticity  than  he  had  assigned  to 
the  Earth,  on  the  supposition  of  uniform  density  and  pri- 
mitive fluidity.  He  had,  however,  sufficiently  pointed  out 
the  varieties  of  ellipticity  which  might  arise  from  a  differ- 
ence of  density  in  the  interior  parts.     These  were  acquies- 
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ccd  in,  and  the  mathematicians  speculated  on  the  ways  by 
which  the  observations  and  the  theory  of  universal  gravita- 
tion might  be  adapted  to  each  other.  But,  all  this  while, 
the  original  problem  was  considered  as  too  difficult  to  be 
treated  in  any  case  remarkably  deviating  from  a  sphere ; 
aod  even  this  case  was  solved  by  Newton  and  his  followers 
only  in  an  indirect  manner. 

308.  The  first  person  who  attempted  a  direct  general 
solution,  was  Mr  James  Stirling.  In  1735,  he  communi- 
cated to  the  Royal  Society  of  London  two  elegant  propo- 
sitions, (but  without  demonstration)  which  determine  the 
form  of  a  homogeneous  spheroid  turning  round  its  axis, 
and  which,  when  applied  to  the  particular  case  of  the  Earth, 
perfectly  coincided  with  Newton's  determination.  In  1787, 
Mr  Clairaut  communicated  to  our  Royal  Society,  and  also 
to  the  Royal  Academy  at  Paris,  very  elaborate  and  elegant 
performances  on  the  same  subject,  which  he  afterwards  en- 
larged in  a  separate  publication.  This  is  the  completest 
work  on  the  subject,  and  is  full  of  the  most  curious  and 
valuable  research,  in  which  are  discussed  all  the  circum- 
stances which  can  affect  the  question.  It  is  also  remark- 
able for  an  example  of  candour,  very  rare  among  rivals  in 
literary  fame.  The  author,  in  extending  his  memoir  to  a 
more  complete  work,  quits  his  own  method  'of  investi- 
gation, though  remarkable  for  its  perspicuity  and  neat- 
ness, for  that  of  another  mathematician,  because  it  was  su- 
perior; and  this  with  unaffected  acknowledgment  of  its 
superiority.  The  results  of  Clairaut's  theory,  perfectly 
coincide  with  the  Newtonian  theory,  making  the  equatoreal 
diameter  to  the  polar  diameter  as  231  to  £30,  though  it  is 
agreed,  by  all  the  mathematicians,  that  Newton's  method 
bad  a  chance  of  being  inaccurate.  So  true  is  the  saying  of 
Daniel  Bernoulli,  when  treating  this  subject  in  his  theory 
of  the  tides,  "  The  sagacity  of  that  great  man  (Newton) 
"  saw  clearly  through  a  mist  wJtat  others  can  scarcely  dis  • 
"  cover  through  a  microscope."" 
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Mr  Stirling  had  said,  that  the  revolving  figure  va  not 
an  accurate  elliptical  spheroid,  but  approached  infinitely 
near  to  it.  Mr  Clairaut's  solutions,  in  moat  cases,  suppose 
the  spheroid  very  nearly  a  sphere,  or  suppose  lines  and 
angles  equal  which  are  only  very  nearly  so.  Without  thai 
allowance,  the  treatment  of  the  problem  seemed  impracti- 
cable. This  made  Mr  Stirling's  assertion  more  credited} 
and  we  apprehend  that  it  became  the  general  opinion,  that 
the  solutions  obtainable  in  our  present  state  of  mathemati- 
cal knowledge  were  only  approximations,  exact  indeed,  to 
any  degree  that  we  please,  in  the  cases  exhibited  in  the 
figures  of  the  planets,  but  still  they  were  but  approxima- 


309.  But,  in  1740,  Mr  M'Laurin,  in  a  c 
the  tides,  which  shared  the  prize  given  by  the  Academy 
of  Paris,  demonstrated,  in  all  the  rigour  and  elegance  of 
ancient  geometry,  that  an  homogeneous  elliptical  spheroid, 
of  any  eccentricity  whatever,  if  turning  in  a  proper  tune 
round  its  axis,  will  for  ever  preserve  its  form.  He  gave 
the  rule  for  investigating  this  form,  and  the  ratio  of  its 
axes.  His  final  propositions  to  this  purpose,  are  the  same 
tint  Mr  Stirling  bad  communicated  without  demonstration. 
This  performance  was  much  admired,  and  settled  all  doubts 
about  the  figure  of  a  homogeneous  spheroid  turning  round 
its  axis.  It  is  indeed  equally  remarkable  for  its  simplicity, 
Us  perspicuity,  and  its  elegance.  Mr  M'Laurin  had  no 
occasion  to  prosecute  the  subject  beyond  this  simple  case. 
Proceeding  on  his  fundamental  propositions,  the  mathemati- 
cal philosophers  have  made  many  important  additions  to  the 
theory.  But  it  still  presents  many  questions  of  most  diffi- 
cult solution,  yet  intimately  connected  with  the  phenomena 
of  the  solar  system. 

In  this  elementary  outline  of  physical  astronomy,  we 
cannot  discuss  those  things  in  detail.  But  it  would  be  a 
capital  defect  not  to  include  the  general  theory  of  the  figure 
of  planets  which  turn  round  their  axes.     No  more,  how- 
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era-,  will  be  attempted  than  to  shew  that  a  homogeneous 
elliptical  spheroid  will  answer  all  the  conditions  that  are 
required,  and  to  give  a  general  notion  of  the  change  which 
a  variable  density  will  produce  in  this  figure.* 

The  following  lemma,  from  Mr  M'Laurin,  must  be  pre- 
mised. 

S10.  Let  AEBQ  and  aebq  (Fig.  37.)  be  two  con- 
centric and  similar  ellipses,  having  their  shorter  axes 
AB  and  ab  coinciding.  -Let  P  a  L  touch  the  interior  el- 
lipse in  the  extremity  a  of  the  shorter  axis,  to  which  let 
F  K,  a  chord  of  the  exterior  ellipse  be  parallel,  and  there- 
fore equal.  Let  the  chords  of  and  ag  of  the  interior 
ellipse  make  equal  angles  with  the  axis,  and  join  their  ex- 
tremities by  the  chord  fg  perpendicular  to  it  in  i.  Draw 
PF  and  P 6  parallel  to  af  and  ag,  and  draw  FH  and 
P I  perpendicular  to  P  K. 

Then,  P  F  together  with  P  G  are  equal  to  twice  a  t, 
when  P  F  and  P  G  lie  on  different  sides  of  P  K.  But  if 
they  are  on  the  same  side  (as  P  F  and  P  G')  then  z  a  i  is 
equal  to  the  difference  of  P  F'  and  P  G'. 

Draw  K  it  parallel  to  P  G  or  ag,  and  therefore  equal  to 
P  F,  being  equally  inclined  to  K  P.  Draw  the  diameter 
M  C  s,  bisecting  the  ordinates  Ki,  PG,  and  a  g,  in  m,  3, 
and  x,  and  cutting  P  E  in  n. 

By  similarity  of  triangles,  we  have 

Xni:Kn  =  Pj:Pn,  =ax:aC,  =  ag-.ab, 


*  The  student  will  consult,  with  advantage,  the  original  duraem- 
tiona  of  Mr  Clairaut  and  Mr  M'Laurin,  and  the  great  additions  made 
by  the  last  in  bli  valuable  work  on  Fluxions.  The  Coimographia  of 
Ftitiai,  also  contain*  a  very  excellent  epitome  of  all  that  has  been 
done  before  his  time ;  and  the  Mcckaniipu  CeletU  of  La  Place,  con- 
tain! some  very  curious  and  recondite  additions.  A  work  of  F.  Bot- 
corieh,  on  the  figure  of  the  Earth,  has  peculiar  merit.  This  author, 
by  employing  geometrical  expressions  of  the  acting  forces,  wherever 
it  can  be  done,  gives  u*  very  clear  idea*  of  tbe  subject. 
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Therefore  Km  -f  Vs.  Kn  +  Pn  =  ag:  ab, 

and  Kit  (or  PF) +  PG:2PK~=2og-:»a6, 

and  PF+PG:2a#  =  2PK:2«4; 

and,  by  similarity  of  triangles,  we  have 

PH  +  PI:2a»=2PK:SaS. 
But,  2  P  K  =  2  a  b.     Therefore  P  H  +  P  I  =  2  ai,  and 
PI'  —  PH'  =  2ai', 

311.  Let  the  two  planes  AGg-B  (Fig.  38.)  AEeB, 
intersecting  in  the  line  A  B,  and  containing  a  very  small 
angle  G  A  E,  be  supposed  to  comprehend  a  thin  elementa- 
ry wedge  or  slice  of  a  solid  consisting  of  gravitating  matter. 
If  two  planes  G  P  £,  F  P  D,  standing  perpendicularly  on 
the  plane  A  D  d  B,  contain  a  very  small  angle  El'D,  they 
will  comprehend  a  slender  or  elementary  pyramid  of  this 
slice,  having  its  vertex  in  P,  anda  quadrilateral  baseGEDF. 
If  two  other  planes  gp  e,  fp  d,  be  drawn  from  another 
point  p,  respectively  parallel  to  the  planes  GPE,i/pd!, 
they  will  comprehend  another  pyramid,  having  its  sides 
parallel  to  those  of  the  other,  and  containing  equal  angles, 
and  the  elementary  pyramids  F  P  E,  fp  e,  may  therefore 
be  considered  as  similar.  The  base  g  e  df  is  not  indeed 
always  parallel  and  similar  to  G  E  D  F.  But  for  each  of 
them  may  be  substituted  spherical  surfaces,  having  their 
centres  in  P  and  mp,  and  then  they  will  be  similar. 

The  gravitation  of  a  particle  P  to  the  pyramid  GPD 
is  to  the  gravitation  of  p  to  the  pyramid  gp d  as  any  side 
P  D  of  the  one  to  the  homologous  side  pd  of  the  other. 
This  is  evident  by  what  has  already  been  shewn. 

The  same  proportion  will  hold  when  the  absolute  gravi- 
tation in  the  direction  of  the  axis  of  the  pyramid  is  estimated 
in  any  other  direction,  such  as  P  m.  For  drawing  p  n  pa- 
rallel to  P  t»,  and  the  perpendiculars  Dm,  dn,  it  is  plain 
that  theratioPD:pd=P*»:pn,  =  Dm:d«. 

This  proposition  is  of  most  extensive  use.  For  we  thus 
estimate  the  gravitation  of  a  particle  to  any  solid,  by  re- 
solving it  into  elementary  pyramids ;  and  having  found  the 
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gravitation  to  each,  and  reduced  them  all  to  one  direction, 
the  aggregate  of  the  reduced  forces  is  the  whole  gravita- 
tion of  the  particle  estimated  in  that  direction.  The  ap- 
plication of  this  is  greatly  expedited  by  the  following 
theorem. 

312.  Two  particles  similarly  situated  in  respect  of  simi- 
lar solids,  that  is  to  say,  situated  in  similar  points  of  homo- 
logous lines,  hare  their  whole  gravitations  proportional  to 
any  homologous  lines  of  the  solids. 

For,  we  can.  draw  through  the  two  particles  straight  lines 
similarly  posited  in  respect  of  the  solids,  and  then  draw 
planes  passing  through,  those  lines,  and  through  similar 
points  of  the  solids.  The  sections  of  the  solids  made  by 
those  two  planes  most  be  similar,  for  they  are  similarly 
placed  in  similar  solids.  We  can  then  draw  other  planes 
through  the  same  two  straight  lines,  containing  with  the 
former  planes  very  small  equal  angles.  The  sections  of 
these  two  planes  will  also  be  similar,  and  there  will  be  com- 
prehended between  them  and  the  two  former  planes  similar 
slices  of  the  two  solids. 

We  can  now  divide  the  slices  into  two  sarieses  of  similar 
pyramids,  by  drawing  planes  such  as  G  P  E,  gpe,  and 
FPD,fpd,  of  Fig.  38.  the  points  P  and  j>  being  auppo- 
sed  in  different  lines,  related  to  each  of  the  two  solids.  By 
the  reasonings  employed  in  the  last  proposition,  it  appears 
that,  when  the  whole  of  each  slice  is  occupied  by  such  pyra- 
mids, the  gravitations  to  the  corresponding  pyramids  are 
all  in  one  proportion.  Therefore,  the  gravitation  com- 
pounded of  them  all  is  in  the  same  proportion.  As  the 
whole  of  each  of  the  two  similar  slices  may  be  thus  occupied 
by  serieses  of  similar  and  similarly  situated  pyramids  so 
the  whole  of  each  of  the  two  similar  solids  may  be  occupied 
by  similar  slices,  consisting  of  such  pyramids.  And  as  the 
compound  gravitations  to  those  slices  are  similarly  formed, 
they  are  not  only  in  the  proportion  of  the  homologous  lines 
of  the  solids,  but  they  are  also  in  similar  directions.    There- 
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fore,  finally,  the  gravitations  compounded  of  these  com- 
pound gravitations  are  similarly  compounded,  and  are  in 
the  same  proportion  as  any  homologous  lines  of  the  solids. 

These  things  being  premised,  we  proceed  to  consider  die 
particular  case  of  elliptical  spheroids. 

813.  Let  AEBQ,  atbq  (Fig.  87.)  be  concentric  and 
simitar  ellipses,  which,  by  rotation  round  their  shorter  axis 
AaiB,  generate  similar  concentric  spheroids.  We  may 
notice  the  following  particulars. 

914.  (a)  A  particle  r,  on  the  surface  of  the  interior 
spheroid,  has  no  tendency  to  move  in  any  direction  in  con- 
sequence of  its  gravitation  to  the  matter  contained  between 
the  surfaces  of  the  exterior  and  interior  spheroids.  For, 
drawing  through  r  the  straight  line  P  r  t  G,  it  is  an  ordi- 
nate to  some  diameter  C  M,  which  bisects  it  in  i.  The 
part  r  t  comprehended  by  the  interior  spheroid  is  also  an 
ordinate  to  the  same  diameter,  and  is  bisected  in  ».  There- 
fore P  r  is  equal  to  t  G.  Now,  r  may  be  conceived  as  at 
the  vertex  of  two  similar  cones  or  pyramids,  on  the  com- 
mon axis  P  r  G.  By  what  was  demonstrated  in  art.  224. 
and  311,  it  appears,  that  the  gravitation  of  r  to  the  matter 
of  the  cone  or  pyramid,  whose  axis  is  r  P,  is  equal  and 
opposite  to  the  gravitation  to  the  matter  contained  in  the 
frustum  of  the  similar  cone  or  pyramid,  whose  axis  is  t G. 
As  this  is  true,  in  whatever  direction  P  r  G  be  drawn 
through  r,  it  follows,  that  r  ia  in  equiiibrio  in  every  di- 
rection, or  it  has  no  tendency  to  move  in  any  direction. 

815.  (6)  The  gravitations  of  two  particles,  P  and  pt 
(Fig.  39.)  situated  in  one  diameter  P  C,  are  proportion- 
al to  their  distances  P  C,  p  C,  from  the  centre.  For 
the  gravitation  of  p  is  the  same  as  if  all  the  matter  be- 
tween the  surfaces  AEBQ  and  aebq  were  away  (by  the 
last  article),  and  thus  P  endp  are  similarly  situated  on  si- 
milar solids ;  and  P  C  and  p  C  are  homologous  lines  of 
those  solids;  and  the  proposition  is  true,  by  sect.  812. 
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816.  <e)  All  particles  equally  distant  from  the  plane  of 
the  equator  gravitate  towards  that  plane  with  equal  forces. 

Let  P  be  the  particle,  (Fig.  37.)  and  P  a  a  line  per- 
pendicular to  the  axis,  and  parallel  to  the  equator  E  Q. 
Let  P  d  be  perpendicular  to  the  equator.  Let  a  e  b  q  be 
the  section  of  a  concentric  and  similar  spheroid,  having  its 
axis  a  b  coinciding  with  A  B.  Drawing  any  ordinate  fg 
to  the  (Hametfir  ab  of  the  interior  ellipse,  join  af  and  ag, 
and  draw  PF  and  P  G  parallel  to  af  and  ag,  and  there- 
fore making  equal  angles  with  P  d  K.  Lelfg  cut  a  b  in 
>,  and  draw  FH,  G  I,  perpendicular  to  P  I. 

The  uses  P  F  and  P  G  may  be  considered  as  the  axes 
of  two  very  slender  pyramids,  comprehended  between  the  , 
plane  of  the  figure  and  another  plane  intersecting  it  in  the 
Use  PaL,  and  making  with  it  a  very  minute  angle. 
These  pyramids  are  constituted  according  to  the  condi- 
tions described  in  art  311.  The  lines  af,  ag,  are,  in  like 
manner,  the  axes  of  two  pyramids,  whose  sides  are  parallel 
to  those  of  P  F  and  P  G.  The  gravitation  of  P  to  the 
matter  contained  in  the  pyramids  P  F  and  P  G,  and  the 
gravitation  of  a  to  the  pyramids  af  and  ag,  are  as  the 
bies  P  F,  P  G,  af,  and  ag,  respectively.  These  gravi- 
tations, estimated  in  the  direction  P d,  aC,  perpendicular 
to  the  equator,  are  as  the  lines  P  H,  PI,  at,  at,  respec- 
tively. Now  it  has  been  shewn,  (310.)  that  P  H  +  P  I 
are  equal  to  a  i  +  a  i.  Therefore  the  gravitations  of  P 
to  this  pair  of  pyramids,  when  estimated  perpendicularly 
to  the  equator,  is  equal  to  the  gravitation  of  a  to  the  cor- 
responding pyramids  lying  on  the  interior  ellipse  aebq. 

It  is  evident,  that  by  carrying  the  ordinate  ./^jf*  along 
the  whole  diameter  from  b  to  a,  the  lines  af,  ag,  will  di- 
verge more  and  more  (always  equally)  from  a  o,  and  the 
pyramids  of  which  these  lines  are  the  axes,  will  thus  occu- 
py the  whole  surface  of  the  interior  ellipse.  And  the  py- 
ramids on  the  axes  P  F  and  P  G,  will,  in  like  manner, 
occupy  the  whole  of  the  exterior  ellipse.     It  is  also  evi- 
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dent,  that  the  whole  gravitation  of  P,  estimated  in  the  di- 
rection Pd,  arising  from  the  combined  gravitations  to 
every  pair  of  pyramids  estimated  in  the  same  direction,  is 
equal  to  the  whole  gravitation  of  a,  arising  from  the  com* 
bined  gravitation  to  every  corresponding  pair  of  pyramids. 
That  is,  the  gravitation  of  P  in  the  direction  P  d  to  the 
whole  of  the  matter  contained  in  the  elementary  slice  of 
the  spheroid  comprehended  between  the  two  planes  which 
intersect  jn  the  line  P  a  L,  is  equal  to  the  gravitation  of  a 
to  the  matter  contained  in  that  part  of  the  same  slice  which 
lies  within  the  interior  spheroid. 

But  this  is  not  confined  to  that  slice  which  has  the  el- 

4  lipse  A  E  B  Q  for  one  of  its  bounding  planes.  Let  the 
spheroid  be  cut  by  any  other  plane  passing  through  the 
line  PaL.  It  is  known  that  this  section  also  is  an  ellipse, 
and  that  it  is  concentric  with,  and  similar  to  the  ellipse 
formed  by  the  intersection  of  this  plane  with  the  interior 
spheroid  aebq.  They  are  concentric  similar  ellipses,  al- 
though not  similar  to  the  generating  ellipses  AEBQ  and 
aebq.  Upon  this  section  may  another  slice  be  formed  by 
means  of  another  section  through  Pat,  i  little  more 
oblique  to  the  generating  ellipse  AEBQ-  And  the  soli- 
dity of  this  section  may,  in  like  manner,  be  occupied  by 
pyramids  constituted  according  to  the  conditions  mentioned 
in  art  312. 

From  what  has  been  demonstrated,  it  appears  that  the 
gravitation  of  P  to  the  whole  matter  of  this  slice,  estimated 
in  the  direction  perpendicular  to  PaL,  is  equal  to  the 
gravitation  of  a  to  the  matter  in  the  portion  of  this  slice 
contained  in  the  interior  spheroid. 

Hence  it  follows,  that  when  these  slices  are  taken  in 
every  direction  through  the  line  PaL,  they  will  occupy 
the  whole  spheroid ;  and  that  the  gravitation  of  P  to  the 

matter  in  the  whole  solid,  estimated  perpendicularly  to 
P  a  L,  is  equal  to  the  gravitation  of  a  to  the  matter  that  is 
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contained  in  the  interior  spheroid,  estimated  in  the  same 


This  gravitation  will  certainly  be  in  the  direction  per- 
pendicular to  the  plane  of  the  equator  of  the  two  spheroids. 
For  the  slices  which  compose  the  solid,  all  passing  through 
the  generating  ellipse  A  E  B  Q,  may  be  taken  in  pairs, 
each  pair  oonsistjjig  of  equal  and  similar  slices,  equally  in- 
clined to  the  plane  of  the  generating  ellipse.  The  gravita- 
tions to  each  slice  of  a  pair  are  equal,  and  equally  inclined 
to  the  plane  A  E  B  Q.  Therefore  they  compose  a  gravi- 
tation in  the  direction  which  bisects  the  angle  contained  by 
the  slices,  that  is,  in  the  direction  of  the  plane  A  E  B  Q, 
and  parallel  to  its  axis  A  B,  or  perpendicular  to  the  equa- 
tor. 

From  all  this  it  follows,  that  the  gravitation  of  P  to  the 
whole  spheroid,  when  estimated  in  the  direction  P  d  per- 
pendicular to  the  plane  of  its  equator,  is  equal  to  the  gra- 
vitation of  a  to  the  interior  spheroid  aebq,  which  is  evi- 
dently in  the  same  direction,  being  directed  to  the  cen- 
tre C. 

In  like  manner,  the  gravitation  of  another  particle  P'  (in 
the  line  P  a  L),  in  a  direction  perpendicular  to  the  equa- 
tor of  the  spheroid,  is  equal  to  the  gravitation  of  a  to  the 
interior  spheroid  aebq  ;  for  P'  may  be  conceived  as  on 
the  surface  of  a  concentric  and  similar  spheroid.  When 
thus  situated,  it  is  not  affected  by  the  matter  in  the  sphe- 
roidal stratum  without  it,  and  therefore  its  gravitation  is 
to  be  estimated  in  the  same  way  with  that  of  the  particle 
P.  Consequently,  the  gravitation  of  P  and  of  P',  esti- 
mated in  a  direction  perpendicular  to  the  equator,  are 
equal,  each  being  equal  to  the  central  gravitation  of  a  to 
the  spheroid  aebq.  Therefore,  all  particles  equidistant 
from  the  equator  gravitate  equally  toward  it 

317.    (<2)    By  reasoning  in  the  same  manner,  we  prove, 

that  the  gravitation  of  a  particle  P  in  the  direction  P  a, 

perpendicular  to  the  axis  A  B,  is  equal  to  the  gravitation 

1 
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of  the  particle  if  to  the  concentric  similar  Kpheroid  d  M  q  n  ; 
and  therefore  all  particles  equidistant  from  the  axis  gravi- 
tate equally  in  a  direction  perpendicular  to  it. 

318.  (e)  The  gravitation  of  a  particle  to  (he  spheroid, 
estimated  in  a  direction  perpendicular  to  the  equator,  or 
perpendicular  to  the  axis,  is  proportional  to  its  distance 
from  the  equator,  or  from  the  axis.  For  the  gravitation 
of  P  in  the  direction  P  &  is  equal  to  the  gravitation  of  a 
to  the  spheroid  aebq.  But  the  gravitation  of  a  to  the 
spheroid  a  t  b  q,  is  to  the  gravitation  of  A  to  A  E  B'Q  as 
a  C  to  A  C  <312.)  Therefore  the  gravitation  of  P  in  the 
directum  P  d  is  to  the  gravitation  of  A  to  the  spheroid 
AEBQasaCtoAC,  or  as  Pd"  to  AC;  and  the  same 
may  he  proved  of  any  other  particle.  The  gravitation  of 
A  is  to  the  gravitation  of  any  particle,  as  the  distance  AC 
is  to  the  distance  of  that  particle.  All  particles,  therefore, 
gravitate  towards  the  equator  proportionally  to  their  dis- 
tances from  it. 

In  the  same  manner  it  is  demonstrated,  that  the  gravi- 
tation of  E  to  the  spheroid  in  the  direction  E  C  perpendi- 
cular to  the  axis,  is  to  the  gravitation  of  any  particle  P  in 
the  same  direction  as  E  C  to  P  a,  the  distance  of  that  par- 
ticle from  the  axis. 

Therefore,  &c 

319.  {f)  We  are  now  able  to  ascertain  the  direction 
and  intensity  of  the  compound  or  absolute  gravitation  of 
any  particle  P. 

For  this  purpose,  let  A  represent  the  gravitation  of  the 
particle  A  in  the  pole,  and  E  the  gravitation  of  a  particle 
E  on  die  surface  of  the  equator ;  also,  let  the  force  with 
which  P  is  urged  in  the  direction  P  d  be  expressed  ,by  the 
symbol^  P  d,  and  let/;  Pa  express  its  tendency  in  the 
direction  P  a.     We  have, 

f,  Vd:  A  =  Pd:  AC 
and  A:Ej=A:E 

and      Er/  Po  =  EC:Pa,     Therefore 
^Pdi/PazPdUKECiACKExPo. 

[    .     Google 


FIGUUC  OP  THE  PLAHtTS.  3CS 

Nov,  nuke  dC  :  dv  =  A  x  KC  :  E  x  AC,  and  dnv 
Pc.  WehaveDOw/,Pd:^Po  =  Pd"dC:Paxdp, 
—  Pd  *  Pa:  Pa  xdn,  =  Pd  :  dv.  P  is  therefore 
urged  by  two  forces,  in  the  directions  P  d  and  P  a,  and 
these  forces  are  in  the  proportion  of  P  d  and  d  v.  There- 
fore the  compound  force  has  the  direction  P  v. 

Moreover,  this  compound  force  is  to  the  gravity  at  the 
pole,  or  the  gravitation  of  the  particle  A,  as  P  v  to  A  C. 
For  the  force  P  v  is  to  the  force  PdasPatoPd;  and 
the  force  PdistoAasPd  to  AC.  Therefore  the  force 
PviatoAasPctoAC. 

In  like  manner,  it  mar  be  compared  with  the  force  at  E. 
HakeaC  :  a«  =  E  x  CA  :  A  x  CE.  We  shall  then 
have/;  Pfl:/Pd  =  Po:sit;  and  the  force  in  the  di- 
rection P  a,  when  compounded  with  that  in  the  direction 
P  d,  form  a  force  in  the  direction  P  u,  and  having  to  the 
force  at  E  the  proportion  of  P  u  to  E  C. 

Thus  hare  we  obtained  the  direction  of  gravitation  for 
any  individual  particle  on  the  surface,  and  its  magnitude 
when  compared  with  the  forces  at  A  and  at  E,  which  are 
supposed  known. 

820.  (g)  But  it  is  necessary  to  have  the  measure  of  the 
accumulated  force  or  pressure  occasioned  by  the  gravita- 
tion of  a  column  or  row  of  particles. 

Draw  the  tangent  E  T,  and  take  any  portion  of  it,  such 
as  ET,  to  represent  the  gravitation  of  the  particle  E.  Join 
C  T,  cutting  the  perpendicular  d i  in  J.  Since  the  gravi- 
tations of  particles  in  one  diameter  are  as  their  distances 
from  the  centre  (815.)  d*  will  express  the  gravitation  of  a 
particle  d.  Thus,  the  gravitation  of  the  whole  column 
EC  will  be  represented  by  the  area  of  the  triangle  C  E  T, 
and  the  gravitation  of  the  part  Ed,  or  the  pressure  exerted 
by  it  at  d,  is  represented  by  the  area  ET'<i  We  may 
also  conveniently  express  the  pressure  of  the  column  E  C 

(fl,    ExEC       .....                  Ax  AC 
at  L  by  — — ,  and  in  like  manner,  g —   expresses 
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the  weight  of  the  column  AC,  or  the  pressure  exerted  by 

atC 

Should  we  express  the  gravitation  of  £  by  a  line  £  T 
equal  to  £  C,  the  weight  of  the  whole  column  £  C  would 

be  expressed  by  — j— ,   and  that   of  the  portion  lid  by 

EC*— dC*       .    .           .EdxdQ      w  . 
3 ,  or  by  its  equal - .      We  see,    also, 

that  whatever  value  we  assign  to  the  force  E,  the  gravita- 
tions or  pressures  of  thei columns  EC  and  Ed  are  propor- 
tional to  EC*,  and  EC*  —  dC*,  or  to  EC*  and  Ed  *dQ. 
This  remark  will  be  frequently  referred  to. 

331.  From  these  observations  it  appears,  that  the  two 
columns  AC  and  EC  will  exert  equal  or  unequal  pressures 
at  the  centre  C,  according  to  the  adjustment  of  the  forces 
in  the  direction  of  the  axis,  and  perpendicular  to  the  axis. 
If  the  ellipse  do  not  turn  round  an  axis,  then,  in  order 
that  the  fluid  in  the  columns  A  C  and  E  C  may  press 
equally  at  C,  we  must  have  A«AC=ExEC,  or  AC 
:EC  =  £:A.  The  gravitation  at  the  pole  must  be  to 
that  at  the  equator,  as  the  radius  of  the  equator  to  the  se- 
miaxis.  But  we  shall  find,  on  examination,  that  such  a 
proportion  of  the  gravitations  at  A  and  E  cannot  result 
solely  from  the  mutual  gravitation  of  the  particles  of  a  ho- 
mogeneous spheroid,  and  that  this  spheroid,  if  fluid,  and 
at  rest,  cannot  preserve  its  form. 

38%.  The  six  preceding  articles  ascertain  the  mechanical 
state  of  a  particle  placed  any  where  in  a  homogeneous 
spheroid,  inasmuch  as  it  is  affected  solely  by  the  mutual 
gravitation  to  all  the  other  particles.  We  are  now  to  in- 
quire  what  conditions  of  form  and  gravitating  force  will 
produce  an  exact  equilibrium  in  every  particle  of  an  ellip- 
tical spheroid  of  gravitating  fluid  when  turning  round  its 
axis.  For  this  purpose,  it  is  necessary,  in  the  first  place, 
that  the  direction  of  gravity,  affected  by  the  centrifugal 
ibrce  of  rotation,  be  every  where  perpendicular  to  the  sur- 
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Imx  of  die  spheroid,  otherwise  the  waters  would  flow  off 
toward  that  quarter  to  which  gravity  inclines.  Secondly, 
all  canals  reaching  from  the  centre  to  the  surface  must 
balance  at  the  centre,  otherwise  the  preponderating  co- 
lumn will  subside,  and  press  up  the  other,  and  the  form  of 
the  surface  will  change.  And,  lastly,  any  particle  of  the 
whole  mass  must  be  in  equilibria,  being  equally  pressed  in 
evert/  direction.  These  three  conditions  seem  sufficient 
for  ensuring  the  equilibrium  of  the  whole. 

823.  These  conditions  will  be  secured  in  an  elliptical 
fluid  spheroid  of  uniform  density  turning  round  its  axis, 
if  the  gravity  at  the  pole  be  to  the  equatorial  gravity,  di- 
mmiiked  by  the  centrifugal  force  arising  from  the  rota- 
tion, as  ihe  radius  of  the  equator  to  the  semiaxit. 

We  shall  first  demonstrate,  that  in  this  case  gravity  will 
be  every  where  perpendicular  to  the  spheroidal  surface. 

Let  p  express  the  polar  gravity,  e  the  primitive  equato- 
rial gravity,  and  c  the  centrifugal  force  at  the  surface  of 
the  equator,  and  let  e  —  c,  =  m,  be  the  sensible  gravity 
remaining  at  the  equator.  Then,  by  hypothesis,  we  have 
»:*-—■:  C  E  :  C  A.  Considering  the  state  of  any  indivi- 
dual particle  P  on  the  surface  of  the  spheroid,  we  perceive, 
that  that  part  of  its  compound  gravitation  which  is  in  a 
direction  perpendicular  to  the  plane  of  the  equator  is  not 
affected  by  the  rotation.  It  still  is,  therefore,  to  the  force 
jii  at  the  pole  as  P  d  to  AC  (318.)  But  the  other  consti- 
tuent of  the  whole  gravitation  of  P,  which  is  estimated 
perpendicular  to  the  axis,  is  diminished  by  the  centrifu- 
gal force  of  rotation,  and  this  diminution  is  in  proportion 
to  its  distance  from  the  axis,  that  is,  in  proportion  to  this 
primitive  constituent  of  its  whole  gravitation.  Therefore, 
its  remaining  gravity,  in  a  direction  perpendicular  to  the 
axis,  is  still  in  the  proportion  of  its  distance  from  it.  And 
this  is  the  case  with  every  individual  particle.  Each  par- 
ticle, therefore,  may  still  be  considered  as  urged  only  by 
two  forces;  one  of  which  is  perpendicular  to  the  equator, 
Vol.  III.  P 
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and  proportional  to  iw  distance  from  it;  end  the  other  is 
perpendicular  to  the  axis,  and  proportional  to  its  distance 
from  it.  Therefore,  if  we  dnw  a  line  P  v  u,  so  that  d  C 
may  be  to  dv  asp  *  E  C  to  «  *  AC,  P v  will  be  the  di- 
rection of  the  compound  force  of  (parity  at  P,  a*  affected 
by  the  rotation. 

But  by  hypothesis  p  i  #  =  EC:  AC;  therefore  p  x 
£C:<XAC=  EC*:  AC*,  and  EC*:  AC— 40: 
dv,  =  Pu:Pv.  But,  by  come  section*,  if  PwfaetoPv 
As  E  C*  to  AC*,  the  line  V  v  u  19  perpendicular  to  the  tan- 
gent to  the  ellipse  in  the  point  P,  and  therefore  to  tho 
spheroidal  surface,  or  to  the  surface  of  the  still  ocean. 

Thus,  than,  the  first  condition  is  secured,  and  the  su- 
perficial waters  of  the  ocean  will  have  no  tendency  to  move 
in  any  direction.  Having  therefore  ascertained  a  suitable 
direction  of  the  affected  gravitation  of  P,  we  may  next  in- 
quire into  Us  intensity. 

321.  The  sensible  gravity  of  any  superficial  particle  P 
is  every  where  to  the  polar  gravity  as  the  line  P  *  (the 
normal  terminating  in  the  axis)  to  the  radius  of  meridional 
curvature  at  the  pole ;  and  it  is  to  the  sensible  gravity  at 
the  equator  as  the  portion  P  v  of  the  same  normal  termi- 
nating in  the  equator  is  to  the  radius  of  meridional  curva- 
ture at  the  equator.  For  it  was  shewn  (31 9.)  to  be  to  the 
force  at  E  as  P  »  to  E  C.  If,  therefore,  the  radius  of  the 
equator  be  taken  as  the  measure  of  the  gravitation  there, 
P  u  will  measure  the  sensible  gravitation  at  P.  And  since 
the  ultimate  situation  of  the  point  u,  when  P  is  at  the 
pole,  is  the  centre  of  curvature  of  the  ellipse  at  A,  the  ra- 
dius of  curvature  there  will  measure  the  polar  gravity. 
That  is,  the  sensible  gravity  at  the  equator  is  to  the  gra- 
vity at  the  pole,  as  the  radius  of  the  equator  to  the  radius 
of  polar  curvature.  By  a  perfectly  similar  process  of  rea- 
soning, it  is  proved,  that  if  the  gravity  at  the  pole  be  mea- 
sured by  A  0,  the  gravity  at  P  is  measured  by  P  v,  and 
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at  the  equator  by  the  radius  of  curvature  of  the  ellipse  in 
B. 

825.  Cot.  i.  He  sensible  gravity  in  every  point  P  of  the 
surface  is  reciprocally  as  the  perpendicular  C  t  from  the 
centre  on  the  tangent  in  that  point.  For  every  where  in 
die  effipee,  C  *  x  F  «  m  C  E»,  and  C  i  x  P  v  =  C  A',  at 
is  well  known. 

8*6.  Cor.  8.  The  central  gravity  of  every  superficial 
particle  P,  that  is,  its  absolute  gravity  P  u,  or  P  r  estanat> 
ed  in  the  direction  P  C,  is  inversely  proportional  to  its  dis- 
tance from  the  centre,  that  is,  the  central  gravity  at  P  is  to 
the  central  gravity  atBasECtoPC,  and  to  the  polar 
gravity  as  AC  to  PC  For,  if  the  gravity  P  v  be  reduced 
to  the  direction  P  C  by  drawing  v  o  perpendicular  to  C  P, 
To  will  measure  this  central  gravity.  Now,  it  is  weO 
known  that  P  o  X  P  C  is  every  where  s  A  C* ;  and,  hi 
like  mower,  P.xPC-EC.  Therefore  Po,  or  P^ 
are  every  where  reciprocally  as  P  C 

Hence  it  fallows  that  the  sensible  increment  of  gravity  in 
proceeding  from  the  equate*  to  the  pole  is  very  nearly  as 
the  square  of  the  sine  of  the  latitude ;  for,  without  enter- 
sag  on  a  more  curious  investigation,  it  is  plain  that  the 
increments  of  gravity,  when  so  minute  in  comparison  with 
the  whole  gravity,  are  very  nearly  as  the  decrements  of  the 
distance.  Now,  in  a  spheroid  very  little  compressed,  these 
decrements  are  in  that  proportion.  It  may  be  demon- 
strated that  in  the  latitude  where  sin.1  =  £,  namely,  1st. 
3fi°  16%  the  gravity  is  the  same  as  to  a  perfect  sphere  of 
rae  same  capacity,  having  for  its  radius  the  semidiameter 
of  the  ellipse  in  that  point.  It  is  also  a  distinguishing  pro- 
perty of  this  latitude  that,  if  this  seinhhameter  be  produced, 
the  gravitation  of  a  particle,  at  any  distance  in  this  direc- 
tion, is  the  same  as  to  a  perfect  sphere  of  the  same  capacity. 
This  is  not  the  case  in  any  other  direction. 

327.  Cor.  3.  Lastly,  the  force  estimated  in  the  direction 
Pd  is  to  the  force  in  the  direction  Pa  asBCXPrfsq 
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AC'xPo.  For  we  had  ($18.) f,Pd:f,P a  =  Ax 
ECxPiJ:ExACxPfl,  which,  by  substituting  p  and 
r  for  A  and  E,  it  becomes  px  EC  xPdwxACXPa, 
=  EC'xPd:  AC*yPo. 

Hitherto  we  have  considered  only  the  particles  on  the 
surface  of  the  spheroid.  But  we  must  know  the  condition 
of  a  particle  any  where  within  it 

328.  A  particle  p,  in  any  internal  point  of  a  diameter, 
has  its  sensible  gravity  in  the  direction  perpendicular  to  the 
surface  of  a  concentric  and  similar  spheroid  passing  through 
the  particle.  For  the  gravity  at  p  is  compounded  of  forces 
perpendicular  to  the  axis  and  to  the  equator,  and  propor- 
tional to  the  distances  from  them,  and  therefore  propor- 
tional to  the  similar  forces  acting  on  the  particle  F  (312.) 
Therefore  the  compound  force  of  p  will  be  parallel,  and 
in  the  same  proportion,  to  the  compound  force  P  v  of  F, 
and  must  therefore  be  perpendicular  to  the  tangent  of  the 
surfaceinp.     It  is  as pv'. 

329-  Cor.  Hence  we  must  infer  that  if  there  were  a 
cavern  at  p,  containing  water,  the  surface  of  this  still  water 
would  be  a  part  of  the  spheroidal  surface  aebq.  Should 
this  cavern  extend  all  the  way  to  e  or  a,  the  water  should 
arrange  itself  according  to  the  surface ;  or,  if  t  r  p  be  a 
pipe  or  conduit,  the  water  in  it  should  be  still,  except  so 
far  as  it  is  affected  by  the  pressures  of  the  columns  A  a 
and  P  p  and  E  e  (these  pressures  will  be  proved  to  be 
equal.) 

It  would  seem,  from  these  premises,  that  if  the  ellipti- 
cal spheroid  consist  of  different  fluids,  which  do  not  mix, 
and  which  differ  in  density,  they  will  be  disposed  in  con- 
centric similar  elliptical  strata,  so  that  their  bounding  sur- 
faces shall  be  similar.  The  proof  of  this  seems  the  same 
with  what  is  received  for  a  demonstration  of  the  horizontal 
surface  of  the  boundary  between  water  and  oil  contained  in 
a  vessel.  Accordingly,  this  has  been  supposed  by  many  re- 
spectable writers,  as  a  thing  that  needed  no  other  proof.  But 
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this  is  by  do  means  tbe  case.  It  can  be  strictly  demonstrated 
that  the  denser  fluids  occupy  the  lowest  place,  and  that  the 
strata  become  leas  and  less  eccentric  as  we  approach  the 
centre,  where  the  ultimate  evanescent  figure  may  be  deno- 
minated a  spherical  point  It  may  be  seen,  even  at  pre- 
sent, that  they  cannot  be  similar,  unless  homogeneous.  For, 
without  this  condition,  it  cannot  be  generally  demonstrated 
that  the  gravitation  of  a  particle  p  to  the  equator,  and  to 
the  axis,  is  as  the  distance  from  them,  which  is  the  founda- 
tion of  all  the  subsequent  demonstrations. 

830.  In  the  next  place,  all  rectilineal  columns,  extending 
from  the  centre  to  the  surface,  will  balance  in  the  centre. 
For,  drawing  no,  v  d  perpendicular  to  P  C,  it  is  plain  thai 
F  o  and  p  a  represent  the  gravities  of  P  and  p  estimated  in 
the  direction  P C.  Now  Po:  po'  =  PC  : p C.  There- 
tore  the  gravitation  of  the  whole  column,  or  the  pressure  on 

C,  is  represented  by  — | (320.)  Now,  in  the  ellipse 

P  o  x  P  C  =  C  A%  a  constant  quantity.  Therefore  the 
pressure  of  every  column  at  C  is  the  same.  In  like  man- 
ner, the  pressure  of  the  columns  Cp  and  C  a  are  equal, 
and  therefore  also  the  pressures  of  f*p,  E  e,  and  A  a,  at 
p,  e,  and  a,  are  all  equal. 

331.  Lastly,  any  particle  of  the  fluid  is  equally  pressed 
in  every  direction,  and  if  the  whole  were  fluid,  would  be  in 
equilibria,  and  remain  at  rest. 

To  prove  this,  let  Pp  (Fig.  40.)  be  a  column  reaching 
from  P  to  the  surface,  and  taken  in  any  direction,  but,  first, 
in  one  of  the  meridional  planes,  of  which  A  B  is  the  axis, 
and  E  Q  the  intersection  by  the  equatorial  plane.  In  the 
tangent  A*  take  A  a  equal  to  EC,  and  A*  equal  to  AC. 
Draw  aCe  and  ■  C  ■  to  the  tangent  E  i  at  the  equator.  It 
is  evident  that  E e  =  A. C,  and  E,  =  £C,  Through p 
and  P  draw  the  lines  p  L  /,  N  P  *,  parallel  to  E  C,  and  the 
lilies p N P,  I  P )  parallel  to  A  B.  Draw  also  I  K  &  paral- 
lel to  E  C. 
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Since,  by  hypothesis,  the  whole  forces  at  A  and  £  ate 
inTenely  as  AC  and  EC,  As  and  Ee  are  as  the  forces 
acting  at  A  and  E.  Consequently,  the  weights  of  the 
columns  F  D,  L  Z,  and  K  I.,  will  be  represented  by  the 
areas  F/dD,  LlxZ,  and  KklL  (3*0.) 

All  the  pressam  or  forces  which  act  on  the  particles  of 
the  column  p  P  may  be  resolved  into  forces  acting  parallel 
to  A  Cr  and  forces  acting  parallel  to  £  C,  and  the  fore* 
Bating  on  each  particle  »  as  its  distance  from  the  axis  to 
to  which  it  is  directed  (318.)  Therefore  the  whole  farce 
with  which  the  column  p  P  is  pressed  in  the  direction  A  C 
is  to  the  fores  with  which  die  column  O  P  is  pressed  in  the 
same  direction,  as  the  number  of  particles  in  p  I*  to  the 
number  in  O  P,  that  is,  as  p  P  to  O  P.  But  there  is  only 
a  part  of  this  force  employed  in  pressing  the  particles  in  the 
direction  of  the  canal.  Another  part  merely  presses  the 
fluid  to  the  side  of  the  canal  p  P.  DrawOg  perpendicular 
to  pP.  The  force  acting  in  the  direction  A  C  on  any  par- 
ticle in  p  P  is  to  its  efficacy  in  the  direction  p  P,  as  O  P  to 
gP,  that  is,  as^P  to  OP.  Therefore,  the  pressure  which 
the  particle  P  sustains  in  the  direction  p  P  from  the  action 
of  all  the  particles  in  p  P  in  the  direction  A  C,  is  precisely 
equal  to  the  pressure  it  sustains  from  the  action  of  the 
column  0  P,  acting  in  the  same  direction  A  C.  But  it  has 
been  shewn  (320.)  that  the  pressure  of  0  P  in  the  direction 
A  C  is  precisely  the  same  with  the  weight  of  the  column 
L  Z,  which  weight  is  represented  by  the  area  L I  a  Z. 

In  the  very  same  manner,  the  whole  pressure  on  P  in 
the  direction  p  P  arising  from  the  pressure  of  each  of  the 
particles  in  jpP  in  the  direction  E  C,  is  precisely  the  same 
with  the  pressure  on  P,  arising  from  the  pressure  of  the 
column  N  P  in  this  direction  E  C,  that  is,  it  is  equal  to  the 
weight  of  the  column  F  D,  which  is  represented  by  the 
areaF/dD. 

Because    E1  is  equal    to    EC,   we   have   Ffll>= 
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CF*  —  CD*       Lp»— L0»       »OxOm       .    .  .     ,., 

o >=  5 » — * — 3 .     And  in  like 

manner,  KmX  L  =  — g — '.     BatpO^Om:  IOxOt 
=s=E  C* :  A  C\  and  therefore 

FfKK.aLasaE&iAC 
butK.iL:K*;Ls=AC:EC 
and  ¥fd D:  P f » D  =  A  C :  E  C,  therefore 

F/dDtKi/L^ECxAC^AC'xEC, 
that  is,  iii  the  ratio  of  equality.  Now  the  area  K  A:  /  L  re- 
presents the  weight  of  the  column  K  L,  or  the  pressure  ex- 
erted in  the  direction  A  C  by  the  column  10.'  , 
Thus  it  appears  that  when  the  forces  acting  on  the  par* 
tides  in  the  column  p  P  are  estimated  in  the  direction  a£ 
the  canal)  the  pressure  exerted  on  the  particle  P  is  equal  to. 
the  united  pressures  of  the  columns  0  P  and  I O  acting  in 
the  direction  A  C,  that  is,  to  the  pressure  of  the  fluids  in 
the  canal  I P  in  its  own  direction.*  Therefore  the  fluid  in 
the  canal  I  P  will  balance  the  fluid  in  the  canal  p  P,  and 
the  particle  P  will  have  no  tendency  to  more  in  either  di- 
rection. And,  since  this  is  equally  true,  whatever  may  be 
the  direction  of  the  canal  Pp,  or  P  *,  it  follows  that  the 
particle  P  is  equally  pressed  in  every  direction  in  the  plane 
of  the  figure,  and  would  remain  at  rest,  if  the  whole  sphe- 
roid were  fluid. 

But  now  let  the  canal  P  p  be  in  a  plane  different  from  a 
meridional  plane  (as  in  Fig.  41.)  In  whatever  direction 
Pp  is  disposed,  a  plane  may  be  made  to  pass  through  it, 


*  The  student  must  not  confound  thii  with  a  composition  of  two 
pressures  or  fortes  N  P  and  0  P,  composing  a  pressure  or  force  p  P. 
There  is  no  such  composition  in  the  present  case.  It  is  only  meant 
thai  the  pressure  in  the  direction  p  P  arising  from  the  gravitation  of 
the  particles  hi  the  cams],  is  the  same,  in  respect  of  magnitude,  w*"1 
the  pressure  in  the  direction  I  P,  arising  from  the  gtiritaticsi  of  the'. 
fluid  in  I  P. 
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perpendi.ciilair.to  the  plane  EeQg  of  the  equator  of  the 
speroid.  Let  p  Igie  be  this  plane.  Its  section  with  the 
spheroid  will  be  an  ellipse,  similar  to  the  generating  ellipse 
AEBQ,  as  is  well  known.  Let  the  meridional  section 
A E  B Q  pass  through  the  point  P  of  the  canal  pP.  It 
will  cut  the  section  e  I  q  i  in  a  line  IP*  perpendicular  to  its 
intersection  e  q  with  the  equator  of  the  spheroid,  and  there- 
fore parallel  to  the  axis  a  c  b  of  the  section,  if  it-do  not  coin- 
cide with  this  axis.  Let  CDE  be  the  semidiaineter  of 
the  generating  ellipse  which  passes  through  the  intersec- 
tion D  of  I  i  and  e  q ;  and  draw  P  Z  parallel  to  D  C,  and 
P  z  parallel  to  e  q  cutting  a  c  b  in  a,  and  join  z  Z  and  c  C. 
It  is  plain  that  the  plane  passing  through  the  axis  A  B  of 
the  spheroid  and  the  axis  a  b  of  the  section  e  I  q  i  is  per- 
pendicular to  that  section  (for  it  besects  eq,  which  is  a 
chord  of  the  equatorial  circle  LeQq),  and  that  the  planes 
DfC  and  P  z  Z  are  parallel,  and  the  angles  at  c  and  z 
right  angles. 

Let  us  now  consider  the  forces  which  act  on  the  par- 
ticles of  fluid  in  the  canal  p  P.  They  are,  as  before,  all 
resolvable  into  two,  one  of  them  parallel  to  A  C,  and  the 
other  perpendicular  to  it.  Thus,  the  particle  P  is  urged 
by  a  force  in  the  direction  P  D  parallel  to  A  C,  and  pro- 
portional to  its  distance  P  D  from  the  equator  of  the  sphe- 
roid. It  is  also  urged  by  a  force  in  the  direction  P  Z  per- 
pendicular to  A  C,  and  proportional  to  its  distance  P  Z. 
This  force  P  Z,  may  be  resolved  into  P  *  and  x  Z.  The 
force  x  Z  remains  the  same,  for  all  the  particles  in  the 
canal  pP,  aZ  being  equal  to  c  C.  But  the  force  Pais 
always  proportional  to  the  distance  of  the  particle  in  the 
canal  p  P  from  the  axis  a  c  b  of  the  section  e  I  q  i.  It  is 
also  to  the  axipetal  force  in  the  direction  P  Z  as  P  z  to 
PZ. 

Moreover,  it  has  been  shewn  (327.)  that  the  force  in  the 
direction  P  Z  is  to  the  force  in  the  direction  P  D  in  the 
ratio  of  A  C  x  P  Z  to  E  C1  x  P  £>,  that  is  (on  account  of 
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the  similarity  of  the  sections  A  E  B  Q  and  aebq),  as  a  c* 
xPZtoec'xPD.  Therefore  the  force  in  the  direction 
P  z  is  to  the  force  in  die  direction  PDasa«*xPxtoec* 
xPD.  Wherefore,  since  from  these  elements  it  has  been 
proved  already  that  the  whole  pressure  on  P  in  the  canal 
f  P,  lying  in  die  plane  AEBQ,  is  equal  to  the  pressure 
of  the  canal  I P,  it  follows  that  the  pressure  of  the  canal 
p P,  lying  in  the  plane  aebq'w  also  equal  to  the  pressure 
of  the  canal  IP. 

Thus  it  now  appears  that  the  particle  P  is  urged  in  every 
direction  with  the  same  force  by  the  fluid  in  any  rectilineal 
canal  whatever  reaching  to  die  surface.  It  is  therefore  in 
equilibria  ;  and,  as  it  is  taken  at  random,  in  any  part  of 
the  spheroid,  the  whole  fluid  spheroid  is  m  equilibria. 

We  also  see  that  the  whole  force  with  which  any  par- 
ticle P  is  pressed  in  any  direction  whatever  is  to  the  pres- 
sure at  the  centre  C  as  the  rectangle  I  P  i  to  A  C*.  For 
'  that  is  die  proportion  of  the  pressure  of  the  canal  I P  to 
that  of  the  canal  A  C  ;  and  all  canals  terminating  in  the 
centre  exert  equal  pressures. 

88S.  It  is  now  demonstrated  that  a  mass  of  uniformly 
dense  matter,  influenced  in  every  particle  by  gravitation, 
and  so  constituted  that  an  equilibrium  of  force  on  every 
particle  is  necessary  for  the  maintenance  of  its  form,  may 
exist,  with  a  motion  of  rotation,  in  the  form  of  an  elliptical 
spheroid,  if  there  be  a  proper  adjustment  between  the  pro- 
portion of  the  two  axes  and  the  time  of  the  rotation.  What- 
ever may  be  the  proportion  of  the  axes  of  an  oblate  sphe- 
roid, there  is  a  rapidity  of  rotation  which  will  induce  that 
proportion  between  the  undiminished  gravity  at  the  pole 
and  the  diminished  gravity  on  the  surface  of  the  equator, 
which  is  required  for  the  preservation  of  that  form.  But 
it  has  not  been  proved  that  a  fluid  sphere,  when  set -in  mo- 
tion round  its  axis,  must  assume  ■  the  form  of  an  efeptiotl 
spheroid,  but  only  that  this  is  a  possible  form.  This  was 
all  that  Newton  aimed  at,  and  his  proof  is  not  free  frtssr 
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reasonahle  objections.  The  great  mathematicians  since  the 
days  of  Newton  have  done  little  more.  They  have  not  de- 
termined the  figure  that  a  fluid  sphere,  or  a  nucleus  cover- 
ed with  a  fluid,  imut  assume  when  set  in  motion  round  its 
axis.  But  they  hare  added  to  the  number  of  conditions 
that  must  be  implemented*  in  order  to  produce  another 
kind  of  assurance  than  an  elliptical  spheroid  will  answer 
the  purpose,  and  by  this  limitation  have  greatly  increased 
the  difficulty  of  the  question.  M.  Clairaut,  who  has  carried 
his  scruples  farther  than  the  rest,  requires,  besides  the 
three  conditions  which  have  been  shewn  to  consist  with 
the  permanence  of  the  elliptical  form,  that  it  also  be  de- 
monstrated, Into,  That  a  canal  of  any  form  whatever  must 
every  where  be  in  equilibria :  9do,  That  a  canal  of  any 
shape,  reaching  from  one  part  of  the  surface,  through  the 
mass,  or  along  the  surface,  to  any  other  part,  shall  exert 
no  force  at  its  extremities :  Stio,  That  a  canal  of  any  form, 
returning  into  itself,  shall  be  in  equilibrio  through  its  whole 
extent   . 

33S.  I  apprehend  that  in  the  case  of  uniform  density,  all 
these  conditions  are  involved  in  the  proposition  in  art.  (331 .) 
For  we  can  suppose  the  canal  p  P  of  Fig.  41.  to  com- 
municate with  the  canal  P  >.  It  has  been  shewn  that  they 
are  in  equilibrio  in  P.  The  canal  4  fi  may  branch  off  from 
P ).  These  are  in  equilibrio  in  the  point  4.  The  canal 
3  .  may  branch  off  at  3,  and  they  will  be  still  in  equilibria  ,- 
and  the  canal  2  !  Will  be  in  tquilibrio  with  all  the  forego- 
ing. Now  these  points  of  derivation  may  be  multiplied, 
till  the  polygonal  canal  pP  +  321  becomes  a  canal  of  con- 
tinual curvature  of  any  form.  In  the  next  place,  tins  canal 
exerts  no  force  at  either  end.  For  the  equilibrium  is  proved 
in  every  state  of  the  canal  p  P — it  may  be  as  short  as  we 
please— 4t  may  be  evanescent,  and  actually  cease  to  bsve 
any  length,  without  any  interruption  of  the  equilibrium. 
Therefore,  there  is  no  force  exerted  at  its  extremity  to  dis- 
turb the  form  of  the  surface.    It  may  be  observed  that  this 
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very  circumstance  proves  that  the  direction  of  gravity  is 
perpendicular  to  the  surface.  And  it  must  be  observed 
that  the  perpendicularity  of  gravity  to  the  surface  is  not 
employed  in  demonstrating  this  proposition.  The  whole 
rests  on  the  proposiaonB  in  art.  316,  S17,  and  318,  both  of 
whkh  we  owe  to  Mr  M'Laurin. 

334k  Having  now  demonstrated  the  competency  of  the 
elliptical  spheroid  for  the  rotation  of  a  planet,  we  proceed 
to  investigate  the  precise  proportion  of  diameters  which  is 
required  for  any  proposed  rotation.  For  example,,  What 
protuberaney  of  the  equator  will  diffuse  the  ocean  of  this 
Earth  uniformly,  consistently  with  a  rotation  in  23h  £6' 
04",  the  planet  being  uniformly  dense  ? 

Let  f  and  e  express  the  primitive  gravity  of  a  particle 
placed  at  the  pole  and  at  the  surface  of  the  equator,  arising 
solely  from  the  gravitation  to  every  particle  in  the  spheroid, 
and  let  e  represent  the  centrifugal  tendency  at  the  surface 
of  the  equator,  arising  from  the  rotation.  We  shall  have 
an  elliptical  spheroid  of  a  permanent  form,  if  AC  be  to  EC 
its  0—e  is  to  p  (838.)  We  must  therefore  find,  first  of  all, 
what  is  the  proportion  of  p  to  e  resulting  from  any  propor- 
tion of  A  C  to  E  C. 

To  accomplish  this  in  general  terms  with  precision,  ap- 
peared so  difficult  a  task,  even  to  Newton,  that  he  avoided 
it,  and  took  an  indirect  method,  which  his  sagacity  shewed 
him  to  be  perfectly  safe  ;  and  even  this  was  difficult.  It 
is  in  the  complete  solution  of  this  problem  that  the  genius 
of  M'Laurin  has  shewn  itself  most  remarkable  both  for 
acutaness  and  for  geometrical  elegance.  It  is  not  exceeded 
(in  the  opinion  of  the  first  mathematicians)  by  any  thing 
of  Archimedes  or  Apollonius.  For  this  reason,  it  is  to  be 
regretted  that  we  hate  not  room  for  the  series  of  beautiful 
propositions  that  are  necessary  in  his  method.  We  must 
take  a  shorter  course,  limited  indeed  to  spheroids  of  very 
small  eccentricity  (whereas  the  method  of  M'Laurin  ex- 
tend* to  any  degree  of  eccentricity),  but  with  this  limita- 
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tion,  perfectly  exact,  and  abundantly  easy  and  simple.  It 
is,  in  its  chief  steps,  the  method  followed  by  M.  Boscovich. 

385.  Let  A  E  B  Q  (Pig.  4S.)  represent  the  terrestrial 
spheroid,  nearly  spherical,  and  let  At  Bo/ and  EoQ6  re- 
present the  inscribed  and  circumscribed  spheres.  With  the 
axis  and  parameter  A B  describe  the  parabola  AFfi, 
drawing  the  onlitiatea  BDF.ECH,  &c.  Describe  also 
the  curve  line  A I L  G,  such,  that  we  have,  in  every  point 
ofit,AB:AD  =  DF:DI;  AB:  AC  =  CH:CL,  8cc. 

Our  first  aim  shall  be  to  find  an  expression  and  value  of 
the  polar  gravity.  We  may  conceive  the  spheroid  as  a 
sphere,  on  which  there  is  spread  the  redundant  matter  con- 
tained between  the  spherical  and  the  spheroidal  surfaces. 
We  know  the  gravitation  of  the  polar  particle  A  to  the 
sphere,  and  now  want  to  have  the  measure  of  its  gravita- 
tion to  this  redundant  matter.  Suppose  the  figure  to  turn 
round  the  axis  A  B.  The  semiellipsis  A  E  B  will  generate 
a  spheroidal  surface ;  the  semicircle  A;B  will  generate  a 
spherical  surface,  and  the  intercepted  portions  Pp,  Ee, 
■  Sec.  of  the  ordinates  will  generate  flat  rings  of  the  redund- 
ant matter.  As  the  deviation  from  a  sphere  is  supposed 
very  small  (E  e  not  exceeding  the  SOOdth  part  of  E  Q,)  we 
may  suppose,  without  any  sensible  error,  that  A  p  is  the 
distance  of  A  from  the  whole  of  the  ring  generated  by  Pp. 

Proceeding  on  this  assumption,  we  say  that  the  gravita- 
tion of  A  to  the  rings  generated  by  Pp,  E  e,  &c.  is  pro- 
portional to  the  portions  F  I,  H  L,  &c.  of  the  eorespond- 
ing  ordinates  DP,  CH,  &c,  and  that  the  gravitation  of 
A  to  the  whole  redundant  matter  may  be  expressed  by 
the  surface  A  F  H  6  L I A  comprehended  between  the 
lines  A  P  H  G  and  A I  L  G. 

For,  the  absolute  gravitation  of  A  to  the  ring  P  p  is 
directly  as  the  surface  of  the  ring,  and  inversely  as  the 
square  of  its  distance  from  A.  Now,  the  surface  of  the 
ring  is  as  its  breadth,  and  its  circumference  jointly.  Its 
breadth  Pp,  and  also  its  circumference,  being  propor- 
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uonal  to  Dp,  the  surface  is  proportional  to  Dp*.  The 
absolute  gravitation  is  therefore  proportional  to  r~zx 
This  may  be  resolved  into  forces  in  the  directions  A  D 
and  Dp.  The  force  in  the  direction  Dp  is  balanced 
by  an  equal  force  on  the  other  side  of  the  axis.  There- 
fore, to  have  the  gravitation  in  the  direction  of  the  axis, 
the  value  of  the  absolute  gravitation  in  the  direction  Ap 
must  be  reduced  in  the  proportion  of  A  p  to  A  D.  It 
t     ,       .  Dp»xAD       Df'xAD  ... 

therefore  becomes  Api  x  A„  '  — —  Ap — ' or*  whlch 

.    ,  ..      Dp*xADxAp     „      .__       ._ 

is  the  same  thing,  — A~ j —     But  Ap*  =  A  B  X 

AD,andAf*  =  AB*xAD».   AlaoDp*  =  ADxDB. 
„      ,       ,     ,      e      ,,  ADxDBxADxAp, 

Therefore  the  value  last  found  becomes    "ah'xAD* 

,  ,.  .,    DBxAp. 

which  is  equal  to,  or  the  same  thing  with        .  .,« 

Since  A  B*  is  a  constant  quantity,  the  gravitation  in  the 
direction  A  C  to  the  ring  generated  by  F  p  is  proportional 
toDBx  Ap. 

It  is  very  obvious  that  DF,  C  H,  B  G,  Sic.  are  respec- 
tively equal  to  Ap,.  A  *,  A  B,  &c  Therefore  the  gravita- 
tion to  the  matter  in  the  ring  generated  by  Pp  is  propor- 
tional to  D  B  x  D  V. 

Now,  by  the  construction  of  the  curve  line  ALG, 
we  have  AB:AD  =  DF:DI 

therefore  AB;DB  =  DF:1F 
and  .  ABxIF  =  DBxDF 
Therefore,  since  A  B  is  constant,  I  F  is  proportional  to 
DBXDF,  that  is,  to  the  gravitation  to  the  ring  generat- 
ed by  Pp.  Therefore  the  gravitation  to  the  whole  re- 
dundant matter  may  be  represented  by  the  space  AHG 
LA. 

Let  *  be  the  periphery  of  a  circle  of  which  the  ra- 
dius is  1.     The  circumference  of  that  generated  .by  E  e 
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will  be  «■  x  C  e,  and  its  surface  =  *  "CexKf,  and 
die  absolute    gravitation    to  it  is  — _— , ~~e,  or 

— gj^gi »  that  is,  g ~ g-.    This,  when  reduced 

______ , 


to  the  direction  A  C  becomes  -^-j r-p- »    that  is, 


'  x  E<         *  x  Eex  A« 


— — -. — s  "-3  — «  «    *  --  •  And  because  A  «■  =  *  AC*, 
and  L  H  =  i  C  H,  =  i  A  *,  the  reduced  gravitation  be- 
*  XEff      r  „ 

"™"  gT~"xLH- 

This  being  the  measure  or  representative  of  tile  gra- 
vitation to  the  material  surface  or  ring  generated  by  E  e, 
the  gravitation  to  the  whole  redundant  matter  contained 
between  the  spheroid  and  the  inscribed  sphere  will  be  re- 
presented by  ~-  multiplied  by  the  space  oompre- 

hended  between  the  curve  fines  AF Gaud  AL G-   We 
must  find  the  value  of  this  space. 

The  parabolic  space  AHGBA  is  known  to  be 
_JABxBG,  =  SAB!.  The  square  of  D  I  is  pro- 
portional to  the  cube  of  B  D.  For,  by  the  construction 
of  the  curve  AB*: AD*  =  DF1:  DP,  and  DI'  = 
AD*  x  PF»  _AD»DF*_AD*_ADI 
AW  ,_ABXAB,_ABA  '"  Alt' 
Therefore  D I  is  proportional  to  A  Df,  and  the  area  A  B 
GLAis=|ABxBG,=}AB*  Take  this  from 
the  parabolic  area  §  A  B*,  and  there  remains  ,^  AB*  for 
the  value  of  A  LGR  A.    This  is  equal  to  1}  A  C*. 

Now,  the  gravitation  of  A  to  the  redundant  matter  was 
shewn  tobe  =  ALGHA  X  j^&-  This  now  be- 
comes j  $  A  C*  X  TTTf?*  *  A  *  x  E  «■      Such  "  the 
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gravitation  of  a  particle  in  the  pole  of  the  spheroid  to  the 
redundant  matter  spread  over  the  inscribed  sphere. 

The  gravitation  of  a  particle  situated  on  the  surface  of 
the  equator  to  the  same  redundant  matter  is  not  quite  to 
obvious  as  the  polar  gravity,  but  may  be  had  with  the 
same  accuracy,  by  means  of  the  following  considerations, 

036.  Let  A  B  a  6  (Fig.  43.)  represent  an  ablate  sphe- 
roid, formed  by  rotation  round  the  shorter  axis  B  b  of  the 
generating  ellipse,  and  viewed  by  an  eye  situated  in  the 
plane  of  its  equator.  Let  AE«c  be  the  circumscribed 
sphere.  This  spheroid  is  deficient  from  the  sphere  by 
two  meniscuses  or  cups,  generated  by  the  rotation  of  the 
lunula;  A  E  a BA  and  Aeab  A. 

Now,  suppose  the  same  generating  ellipse  A  B  a  b  A  to 
turn  round  its  longer  axis  A  a.  It  will  generate  an  oblong 
spheroid,  touching  the  oblate  spheroid  in  the  whole  dr- 
ousafarence  of  one  elliptical  meridian,  viz.  the  meridian 
A  B  aft  A  which  passes  through  the  poles  A  and  a  of  this 
oblong  spheroid.  It  touches  the  equator  of  the  oblate 
spheroid  only  in  the  points  A  and  a,  and  has  the  diameter 
Aa  for  its  axis.  This  oblong  spheroid  is  otherwise  wholly 
within  the  oblate  spheroid,  leaving  between  their  surfaces 
two  meuiscuses  of  an  oblong  form.  This  may  be  better 
conceived  by  first  supposing,  that  both  the  spheroids  and 
also  the  circumscribed  sphere  are  cut  by  a  plane  P  G  gp, 
perpendicular  to  the  axis  A  a  of  the  oblong  spheroid,  and 
to  the  plane  of  the  equator  of  the  oblate  spheroid.  Now, 
suppose  that  the  whole  figure  makes  the  quarter  of  a  turn 
round  the  axis  B  b  of  the  oblate  spheroid,  so  that  the  pole 
a  of  the  oblong  spheroid  comes  quite  in  front,  and  is  at  C, 
the  eye  of  the  spectator  being  in  the  axis  produced.  The 
equator  of  the  oblong  spheroid  will  now  appear  a  circle 
0  B  o'b  O,  touching  the  oblate  spheroid  in  its  poles  B  and 
h.  The  section  of  the  plane  P  o  with  the  circumscribed' 
sphere  will  now  appear  as  a  circle  V'JKp'r.  Its  section 
with  the  oblate  spheroid  will  appear  an  ellipse  RG'rf 
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similar  to  the  generating  ellipse  A  B  a  b,  an  is  well  known. 
And  its  section  with  the  oblong  spheroid  will  now  appear 
a  circle  I  G'ig"  parallel  to  its  equator  0  Bob.  Ft>  is 
equal  to  Pp',  and  Gg-  to  G'g.  Thus  it  appears,  that 
as  every  section  of  the  oblate  spheroid  is  deficient  from 
the  concomitant  section  of  the  circumscribed  sphere  by  the 
want  of  two  lunula  R  P'  r  G'  and  R p'  rg"t  so  it  exceeds 
the  concomitant  section  of  the  oblong  spheroid  by  two  lu- 
nula; G'R^I  and  G'rg'i.  It  is  also  plain,  that  if  these 
spheroids  differ  very  little  from  perfect  spheres,  as  when 
EB  does  not  exceed  rso  of  Ee,  the  deficiency  of  each 
section  G  g  from  the  concomitant  section  of  the  circum- 
scribed  sphere  is  very  nearly  equal  to  its  excess  above  the 
concomitant  section  of  the  inscribed  oblong  spheroid.  It 
may  safely  be  considered  as  equal  to  one-half  of  the  space 
contained  between  the  circles  on  the  diameters  P'  p'  and 
G'g',*  in  the  same  way  that  we  considered  the  lunula 
APEBtpA  of  Pig.  42.  as  one-half  of  the  space  con- 
tained between  the  semicircles  A  e  B  and  a  E  b. 

From  this  view  of  the  figure,  it  appears,  that  the  gra- 
vitation of  a  particle  a  in  the  equator  of  the  oblate  sphe- 
roid to  the  two  cups  or  meniscuses  RP'rG'  and  Bo'  rg", 
by  which  the  oblate  spheroid  is  less  than  the  circumscribed 
sphere,  may  be  computed  by  the  very  same  method  that 
we  employed  in  the  last  proposition.  But  instead  of  com- 
puting (as  in  last  proposition)  the  gravitation  of  a  to  the 
ring  generated  by  the  revolution  of  P  G,  (Fig.  43.)  that 
is,  to  the  surface  contained  between  the  two  circles  R  Vrp 
and  IG'i  g',  we  must  employ  only  the  two  lunula; 
UPV  G'  R  and  Ry  rg'R.  In  this  way,  we  may  account 
the  gravitation  to  the  deficient  matter  (or  the  deficiency  of 
gravitation)  to  be  one-half  of  the  quantity  determined  by 


*  For  the  drcanucribed  circle  is  to  the  ellipse  u  the  ellipse  to 
the  inscribed  circle.  When  the  extremes  differ  so  little,  the  geome- 
trical and  arithmetical  mean  will  differ  but  uuenubly. 
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The  last  projipsjtioa  gave  us  the  gravitation  to  all  the  mat- 
to  Ivy  which  the  sphenoid  exceeded  the  inscribed  sphere. 
The  present  proposition  gives  the  gravitation  to  all  the 
putter  by  which  it  falls  short  of  the  circurqscribed  sphere. 
837.  We  can  now  ascertain  the  primitive  gravitation  at 
the  pole  and  at  the  equator,  by  adding  or  subtracting  the 
quantities  ppv  found  to  or  from  the  gravitation  to  the 
spheres.  Let  r  be  the  radius  of  the  sphere,  and  w  r  the 
s  of  a  great  circle.      The  diameter  is  2r. 


The  area  of  a  great  circle  is  — ,  and  the  whole  surface 

of  the  sphere  is  %  *  #■*,  and  its  solid  contents  is  \  *  r3. 
Therefore,  since  the  gravitation  to  a  sphere  of  uniform 
density  is  the  same  as  if  all  its  matter  were  collected  in  its 
centre,  and  is  as  the  quantity  of  matter  directly,  .and  as 
the  square  of  the  distance  r  inversely,  the  gravitation  to  a 

sphere  wilt  be  proportional  to  §  —~r>  that  is,  to  |  r  r.* 

Now,  let  AEBQ  (Fig.  42.)  be  an  oblate  spheroid, 
whose  poles  are  A  and  B.  The  gravity  of  a  particle  A 
to  the  sphere  whose  radius  in  A  C  is  |  *  x  AC,  =  )rx 
EC  —  g*xE«,or§  «  x  E  C  —  }  J  *  x  E  e.     Add  to 

*  I  beg  leave  to  mention  here  a  circumstance  which  should  have 
beat  taken  notice  of  in  art.  919,  when  the  first  principle*  of  spheri- 
cal attraction*  were  established.  It  was  shewn,  that  the  gravitation 
pf  the  particle  P  to  the  aperical  surface,  generated  by  the,  rotation  of 
the  arch  A  &  T,  is  equal  to  its  gravitation  to  the  surface  generated 
by  the  rotation  offlllT.  Therefore,  if  P  be  infinitely  near  to  A, 
so  that  the  surface  generated  by  A  W  T  may  be  considered  sa  a  point 
or  single  particle,  the  gravitation  to  that  particle  is  equal  to  the  gra- 
vitation to  all  the  rest  of  the  niraYce;  that  is,  it  ie  one-half  of  the 
whole  gravitation.  If  we  suppose  P  and  A  to  coincide,  that  is,  make 
P  one  of  the  particles  of  toe  surface,  its  gravitation  to  the  spherical 
anaAee  will  be  only  one-half  of  what  it  was  when  it  was  without  the 
awtface ;  and  if  we  suppose  P  adjoining  to  A  internally,  it  will  e*> 
auBBt  no  gravitation  at"  all. 

Vol.  III.  0 
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this  its  gravitation  ,V*XE(,  to  die  redundant  matter. 
The  sum  is  evidently  j*yEC-,',fxE{, 

The  gravitation  of  the  particle  E  on  the  surface  of  the 
equator  to  a  sphere  whose  radius  iiEC  uJ»»EC. 
From  this  subtract  its  deficiency  of  gravitation,  viz.  T4y  *  x 
E  f,  and  there  remains  the  equatorial  primitive  gravity  = 
|»xEC  —  4*xEft. 

Therefore,  in  this  spheroid,  the  polar  gravity  is  to  the 
equatorial  gravity  as  |  «■  x  EC — -fs  rxE«to)r  x  EC 
—  ,V*KEf,  or  (dividing  all  by  f  »)  aa  E  C  —  }  E  *  to 
EC  — f  Ec,  or  (because  Ee  is  supposed  to  be  very 
small  in  comparison  with  E  C)  as  E  C  to  EC  —  JEt, 
In  general  terms,  let  g  represent  the  mean  gravity,  p  the 
polar,  and  e  the  equatorial  gravity,  r  the  radius  of  the  in- 
scribed sphere,  and  x  the  elevation  E  e  of  the  equator 
above  the  inscribed  sphere.  We  have,  for  a  general  ex- 
jiression  of  this  proportion  of  the  primitive  gravitations,  p 
:  e  —  r  -f  I  x  :  r,  or  (because  x  is  very  small  in  compari- 
son with  r),  p:  e=r:  r  —  J  x.  This  last  is  generally 
the  most  convenient,  and  it  is  exact,  if  r  be  taken  for  the 
equatorial  radius. 

538.  Had  the  spheroid  been  prolate  (oblong),  the  same 
reasoning  would  have  given  us  p  :  e  =  r  :  r  +  J  *. 

I  may  add  here,  that  the  gravitation  at  the  pole  of  an 
oblong  spheroid,  the  gravitation  at  the  equator  of  an  oblate 
spheroid  (having  the  same  axes)  and  the  gravitation  to 
the  circumscribed  sphere,  on  any  point  of  its  surface,  are 
proportional,  respectively,  to&r-f-iV '•  sr  +  l*}  and 
kr+bx* 


*  Many  questions  occur,  in  which  we  went  the  gravitation  of  a 
particle  P'  situated  in  the  direction  of  any  diameter  C  F  (Fig.  48.) 
Draw  the  conjugate  diameter  C  M,  and  mippoae  the  tpheroid  cat  by 
a  plane  passing  through  CM  perpendicular  to  the  plane  of  the  figure. 
This  section  will  be  an  ellipee,  of  which  the  aemtaxea  are  C  M  and 
C  E  (—  r  +  i).     A  circle,  wboce  radini  ii  the  mean  prnptrtaonsl 
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399.  It  now  appears,  as  was  formerly  hinted,  (322.) 
that  we  cannot  have  an  elliptical  spheroid  of  uniform  den- 
sity, in  which  the  gravitation  at  the  pole  is  to  that  at  the 
equator  as  the  equatorial  radius  to  the  polar  radius.  This 
would  make  p:  e=  r :  r  —  x,  a  ratio  five  times  greater  than 

that  which  results  from  a  gravitation  proportional  to  -*. 

Thus  have  we  obtained,  with  sufficient  accuracy,  the 
ratio  of  polar  and  equatorial  gravity,  unaffected  by  any 
external  force ;  and  we  are  now  in  a  condition  to  tell  what 
velocity  of  rotation  will  so  diminish  the  equatorial  gravita- 
tion, that  the  remaining  gravity  there  shall  be  to  the  polar 
gravity  as  AC  to  E  C. 

340.  Let  c  be  taken  to  represent  the  centrifugal  ten- 
dency generated  at  the  surface  of  the  equator  by  the  ro- 
tation of  the  planet  round  its  axis,  and  let  the  other  sym- 
bols be  retained.  The  sensible  gravity  at  the  equator  is 
e  —  c,  the  polar  gravity  p,  and  the  excess  of  the  equatorial 
radius  above  the  senuaxis  rate. 

We  have  shewn,  (S37.)  that  the  primitive  gravities  at 
the  pale  and  the  equator  are  in  the  ratio  of  r  to  r  ■—  }  x, 
or  (because  x  is  in  a  very  email  part  of  r)  in  the  ratio,  of 
r  +  \  x  to  r.      That  is,  r:r  +  ix  =  e:p.    This  gives 

p—e+—.     Therefore,  the  ratio  of  the  nensiite  equato- 


between  C  M  sad  C  E,  has  the  same  area  with  this  lection,  snd  the 
invitation  to  this  circle  will  be  the  tame  (from  s  particle  placed  in 
the  axis)  with  the  gravitation  to  this  section.  Therefore,  aa  the 
angle  P  C  M  ia  very  nearly  a  right  angle,  the  gravitation  of  V  to  the 
spheroid  will  be  the  same  with  its  polar  (or  axieular)  gravitation  to 
another  spheroid,  whose  polar  «■"""'■  is  P  C,  snd  whose  equatorial 
ariius  is  the  mean  proportion*!  between  C  M  snd  C  E.  This  ii 
easily  computed.  If  the  arch  P  E  be  S*°  16',  a  sphere  having  the 
radius  PC  has  the  same  capacity  with  the  spheroid  A  E  B  Q  (when 
E  e  is  very  imsll).    Hence  fbQbws  what  was  ssid  in  the  note  on  art. 
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rial  parity  to  the  gravity  at  the  pole  is  e—  c  :  *  +  =-»  *>X, 

very  nearly,  0 :  f  +  —  +  c.     Therefiuv  we  must  have. 

for  a  revolving  inhere  of  null  tMcenurioty, 

,  *  * 

«:H*r-  +  <=»*":*  +  * 

and  ei^  +  c^r:* 

ex      4  e* 


4* 

and  the  elhpticity  £  =  ^,  that  is, 

four  /»otm  the  primitive  gravity  at  the  equator  it  to 
Jive  timet  *fte  centrifvgat  Jbrce  of  rotation  at  the  ttmiamit 
to  the  elevation  of  the  equator  above  the  inscribed  sphere. 

841.  It  is  a  matter  of  observation,  that  die  diminution 
of  equatorial  gravity  by  the  Earth's  rotation  in  JCV  fiff  4* 
wnearly  ,lg.  Therefore,  4  x  389  t  6  =  r  :  x  =  831  }:1, 
very  nearly.  This  is  the  ratio  deduced  by  Newton  in 
his  indirect  and  seemingly  incurious  method.  That  me- 
thod has  been  much  criticised  by  his  scholars,  as  if  it  could 
be  supposed,  that  Newton  was  ignorant  that  the  propor- 
tionality employed  by  him,  in  a  rough  way,  was  not  neces- 
sarily involved  in  the  nature  of  the  thing.  But  Newton 
knew  that,  in  the  present  case,  the  error,  if  any,  must  be 
altogether  insignificant.  He  did  not  demonstrate,  but  as- 
sumed as  granted,  that  the  form  is  elliptical,  or  that  an.  el- 
liptical form  is  competent  to  the  purpose.  His  justness  of 
thought  has  been  so  repeatedly  verified,  in  many  cases  as 
ahttniBr  as  this,  that  it  is  unreasonable  to  ascribe  it  to  con- 
jecture, and  U  should  rather,  as  by  Dan.  Bernoulli,  be 
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IMiWld  his  (wtntiBi  and  sagacity.  Ha  had  *»  many 
flew  wWideet  to  esnumrnicate,  that  he  had  ndt  Usne  Ar  alt 
(be  leramas  that  Ware  requisite  fcr  enabling  mferitw  minds 
U  ttut  bit  steps  of  investigation. 

340.  Wbsii  octttidering  the  asAronDKneal  phenomena, 
some  notice  fH  taken  of  the  attempts  which  ban  ban 
Made  to  deckle  tab  matte?  by  observation  sloce,  hy  mea. 
•wring  degreea of  the  ineridian  in  different  btitades. 

But  swh  hwgularity  is  to  be  seen  among  the  maaawtss 
of  a  degree,  that  tb*  question  is  still  undecided  by  thai 
«Hb«d,  All  that  cm  bo  mad*  evident  by  the  comparison . 
iS  that  the  Earth  w  ablate,  aatf  much  more  oblate  than  the 
elapse  *f  Mr  Hermaaui  and  that  the  medium  deduction 
flpptttacbes  much  neatw  to  the  Newtonian  form.  Wheat 
We  WWflBect,  thai  the  error  of  one  second  in  the  estjaoabon 
•f  the  latitude  induces  an  error  of  more  than  thirty  yards 
id  the  measure  of  the  degree,  and  that  the  form  of.  tin* 
globe:  is  to  be  learned,  not  from  the  lengths  of  the  degree**, 
bat  from  the  differences  of  those  length*,  it  must  be  dear* 
that  unless  the  length*,  sod  the  celestial  arc  corresponding, 
OH  be  ascertained  with  great  precision  indeed,  our  infer* 
eMe  of  the  variation  of  curvature  mult  be  very  vague  and  , 
Uncertain.  The  perusal  of  any  page  of  the  daily  obeerva* 
nans  in  the  observatory  of  Paris  will  shew,  that  errors  of 
5"  in  declination  are  not  uncommon,  and  errors  of  2"  are 
very  frequent  indeed.  So  many  circumstances  may  also 
affect  the  measure  of  the  terrestrial  arc,  that  there  is  too 
much  left  to  the  judgment  and  choice  of  the  observer,  in 
drawing  his  conclusions.  The  history  of  the  first  mea- 
surement of  the  French  meridian  by  Cassini  and  La  Hire 
is  a  proof  of  this.  The  degrees  seemed  to  increase  to  the 
southward — the  observations  were  affirmed  to  be  excellent 
-—and  for  some  time  the  Earth  was  held  to  be  an  oblong 
spheroid.  Philosophy  prevailed,  and  this  was  allowed  to 
be  impossible ;— yet  the  observations  were  still  held  to  be 
faultless,  and  the  blame  was  bud  on  the  neglect  of  cireum- 
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stances  which  should  have  been  considered.  Itwas after- 
wards found,  that  the  deduced.  MUM  did  "not  .agree 
with  some  others  of  unquestionable  authority,  but  would 
agree  with  them  if  the  corrections,  were  left  out ;— they 
were  left  oat,'  and  the  observations  declared  excellent,  be- 
cause agreeable  to  the  doctrine  of  gravitation.* 

848.  The  theory  of  uuiversal  gravitanxm  affords  another 
means  of  determining  the  form  of  the  terraqueous  globe 
directly  from  observation.  Mr  Stirling  say*,  very  justly, 
that  the  diminution  of  gravity,  dedudble  from,  the  jeemark 
of  AC.  Richer,. and  confirmed  by  many  similar  observations, 
gives  an  incontestable  proof,  :both  of  die  rotation  of  the 
Earth,  and  of  its  oblate  figure. ;  jit  could  not  be  an  oblate 
figure,  and  have  the  ocean  uniformly  distributed,  without 
turning  round  its  axis ;  and  it  could  not  turn  round  its 
sons  without  inundating  the  equator,  unless  it  have  an 
oblate  form,  accompanied  with  diminished  equatorial  gravi- 
ty. By  the  Newtonian  theory,  the  increments  of  gravity 
as  we  approach  the  poles  are  in  the  duplicate  ratio  of  the 
sines  of  the  latitude.  The  increments  of  the  length  of  a 
seconds  pendulum  will  have  the  same  proportion.  Nothing 
can  be  ascertained,  by  observation  with  greater  accuracy 
than  this.  For  the  London  artists  can  make  clocks  which 
do  not  vary  one  second  from  mean  motion  in  three  or  four 

*  They  were  reconciled  with  the  doctrine  of  gravitation,  by  at- 
tributing the  enlargement  of  the  »outhern  degree*  to  the  action  of 
the  Pyrenean  mountains)  and  those  in  the  south  of  France,  upon  the 
plummets.  But  it  appears  dearly,  by  the  examination  of  these  ob- 
servations by  Professor  Celsius,  that  the  observations  were  very  in- 
correct, and  some  of  them  very  injudiriously  contrived  (See  Phil. 
Trans.  No  *ST.  and  3(18.)  The  palpable  inaccuracies  gave  such  lat- 
itude for  adjustment,  that  it  was  easy  for  the  ingenious  Mr  Hairan 
to  combine  them  in  such  a  manner  as  to  deduce  from  them  infer- 
ences in  support  of  opinions  altogether  contradictory  of  those  of  the 
academy.  Have  we  not  a  remarkable  example  of  the  doubtfulness 
of  such  measure*,  in  the  measurement  of  the  Lapland  degree?  It 
is  found  to  be  almost  300  fathoms  too  long. 
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day*.  We  need  out  measure  the  change  in  the  length  «f 
th»  pendulum,  a  very  delicate  task: — but  the  change  of  its 
rate  of  vibration  by  a  change  of  place,  which  is  easily 
dam;  and  w«  csu  thus.ascar^ain  tbe  force  of  gravity  with- 
out,an  error  of  one  part  in  ,86400.  This  surpasses.,. all 
that  can  be  done  ia  the  measurement  of  an  angle.  A#- 
cufdiaglyy  the  eliiptjcfoes  deduced  from  the  experiments 
with  ptnduLmw  are  vastly  more  consistent  with  each  other, 
and  it  were  to-be  wished  that  these  experiments  were  mere 
repeated.     We  have  but  vary,  few  of  them. 

344.  Yet  even  these  experiments  are  not  without  ano- 
malies. Since,  from  the  nature  of  the.  experiment,  we  can- 
not ascribe  these  to  errors  of  observation,  and  the  doctrine 
of  universal  gravitation  is  established  on  too  broad  a  foun- 
dation to  be  called  in  question  for  these  anomalies,  philo- 
sophers think  it  more  reasonable  to  attribute  the  anomalies 
to  local  irregularity  in  terrestrial  gravity.  If.  in  one 
place,  the  pendulum  is  above  a  great  mass  of  solid  and 
dense  rock,  perhaps  abounding  in  metals,  and,  in  another 
place,  has  below  it  a  deep  ocean,,  or  a  deep  and  extensive 
stratum  of  light  sand  or  earth,  we  should  certainly  look 
for  a  retardation  of  the  pendulum  in  the  latter  situation, 
Tbe  French  academicians  compared  tbe  vibrations  of  the 
same  pendulum  on  the  sea-shore  in  Peru,  and  near  the  top 
of  a  very  lofty  mountain,  and  they  observed,  that  the  re- 
tardation of  its  motion  in  the  latter  situation  was  not  so 
great  as  the  removal  from  the  centre  required,  according  to 
the  Newtonian  theory,  viz.  in  the  proportion  of  the  distance 
(the  gravity  being  in  the  inverse  duplicate  proportion).* 

*  Tbe  length  of  a  pendulum  vibrating  seconds  was  found  to  be 
439,21  French  lines  on  the  sea-shore  at  Lima;  when  reduced  to 
time  it  Quito,  1488  fathoms  higher,  it  was  438,88 ;  and  on  Pichin- 
ka,  elevated  3(34  fathoms,  it  was  438,69.  Had  gravity  diminished 
in  the  inverse  duplicate  ratio  of  the  distances,  the  pendulum  st  Quito 
should  have  been  438,80,  sad  at  Hehinks  it  should  have  been 
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Ait  it  should  not  be  so  flatten  retailed.  The  [ 
was  not  raised  aloft  in  the  air,  !wt  wis  bo  We  top  of  * 
grew  mountain,  to  which,  as  well  a*  to  the  rest  of  the 
globe,  its  gravitation  mi  directed.  Some  obaefvatibna 
were  reported  to  hare  been  taade  id  Swtaetftad,  wWA 
shewed  a  greater  gravitation  on  the  taStottrit  of  aramh*** 
than  in  the  adjacent  valleys ;  and  much  was  built  on  tins 
by  the  partisans  of  vortices.  But,  after  due  fecjuiry,  the 
observations  were  found  to  be  altogether  netWntta.  It 
may  just  be  noticed  here,  that  some  of  the  anomafies  in 
the  experiments  with  pendulums  may  have  proceeded  from 
magnetism.  The  clocks  employed  on  those  occasions  pro* 
babfy  had  gridiron  pendulums,  having  five  or  seven  iron 
rods,  of  ho  inconsiderable  weight  We  know,  for  Certain, 
that  the  lower  end  of  such  rods  acquires  a  very  'distinct 
magnetism  by  mere  upright  position.  This  may  be  cote 
sSderable  enough,  especially  in  the  rircumpotar  regions,  to 
kflbct  the  vibration,  and  it  is  therefore  advisable  to  em- 
ploy  a  pendulum  having  no  iron  in  its  composition. 

Although  the  deduction  of  the  Form  of  thivt  globe,  front 
observations  6n  the  variations  of  gravity,  is  exposed  to  the 
same  cause  of  error  which  affects  the  position  of  the  pturn- 
ntet,  occasioning  error*  m  tbe  measure  of  a  degree,  yef  the 
errors  in  the  variations  of  gravity  are  incomparably  less. 
What  would  cause  an  error  of  a  whole  mile  in  the  mea- 
sure of  a  degree,  will  not  produce  the  tJ0  part  of  this  error 
in  die  difference  of  gravity. 

345.  These  observations  naturally  lead  to  other  reflec- 
tions. Newton's  determination  of  the  form  of  the  terra- 
queous  globe,  is  really  the  form  of  a  homogeneous  and 
fluid  or  perfectly  flexible  spheroid.  But  will  this  be  the 
form  of  a  globe,  constituted  as  ours  in  all  probability  is,  of 
beds  or  layers  of  different  substances,  whose  density  pro- 
bably increases  as  they  are  farther  down  ? 

This  is  a  very  pertinent  and  momentous  question.  B*t 
this  outline  of  mechanical  philosophy  will  not  admit  of  a 
discussion  of  the  many  cases  which  may  reasonably  be  pro- 
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jrined  ft*  (tfu*k*>  All  thai  «*,  With  propriety,  he  at* 
tempted  her*,  i*togrn>ngpner«f  notion  of  the  change  of 
form  Oat  wifl  bemduced  by  fi  vtirying  density.  And  •rota 
mthia-,  onr  attention  must  be  confined  to  some  ample  and 
pMbaJtte  case-.  We  BhaH,'  therefore,  suppose  the  denary 
t»  mereaie  as  We  peMWrte  dMper,  Add  this  in  melt  sort, 
that  at  any  otic  depth  the  density  is  iraifcnn.  ItiehigiJy 
impretable  that  the  internal  constfaasMi  of  this  globe  is  al* 
Mother  irftguhtf. 

Mfl.  We  »b»ll,  therefore,  suppose  a  sphere  of  wefiA  mab 
t*r>  equally  dense  at  equal  distances  from  the  centre*  and 
covered  with  a  less  dense  fluid ;  and  we  sbati  suppose  that 
the  Whole  baa  a  form  suitable  to  the  velocity  of  ita  rotation' 
It  w  this  form  that  We  are  to  find  est.  With  this  view, 
hit  bb  ittWpote  that  all  the  matter,  by  Which  the  solid  globe 
or-Mctemi  fe  denser  than  the  fluid,  is  oaUettvd  in  the  cen* 
tre.  We  hate  seen  that  tins  will  make  no  change  in  the 
gravitation  of  ttty  particle  of  the  incumbent  fluid.  Thus, 
#e  have  a  solid  globe,  covered  with  a  fluid  of  the  earns 
density ;  and,  besides  the  mutual  gravitation  of  the  parti, 
oh*  of  the  fluid,  We  hate  a  ferae  of  the  same  nature  acting 
Mk  every  one  of  then,  directed  to  the  central  redundant 
matter.  Now,  let  the  glftbe  liquefy  or  dissolve.  This  can 
induce  no  ohange  of  force  on  any  particle  of  the  fluid.  Let 
us  then  determine  the  form  of  the  now  fluid  spheroid* 
Which  will  maintain  itself  m  rotation.  Thk  beiag  deter- 
mihed,  let  the  globe  again  become  solid.  The  remaining 
Said  will  not  ohange  its  form,  because  no  change  is  indu* 
end  on  the  force  acting  on  any  particle  of  the  fluid.  Call 
this  hypothesis  A. 

847-  In  order  to  determine  this  state  of  equtiibritm, 
or  the  form  which  insures  it,  which  is  the  chief  difficulty, 
let  us  form  another  hypothesis  B,  differing  front  A  only  m 
this  circnmBUMtce,  that  the  matter  collected  in  the  centre, 
instead  of  attracting  the  particles  of  the  incumbent  fluid 
with,  a  force  decreasing  in  the  inverse  duplicate  ratio  of 
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their  distances,  attract*  them  with  a  foroe  increasing  in  the 
direct  ratio  of  their  distances,  keeping  the  woe  intensify  at, 
the  distance  of  the  pole  as  in  hypothesis  A.  This  fictitious 
hypothesis,  similar  to  Hermann's,  is  chosen,  because  a  mass 
so  constituted  will  maintain  toe  form  of  sot  accurate  ellip- 
tical spheroid,  by  a  proper  adjustment  of  the  proportion  of 
its  axis  to  the  velocity  of  its  rotation.  This  will. easily  ap- 
pear.  For  we  have  already  seen  that  the  mutual  gravita- 
tion of  the  particles  of  the  elliptical  fluid  spheroid,  produ- 
ces, in  each  particle,  a  force  which  may  be  resolved  into 
two  times,  one  of  them  perpendicular  to  the  axis,  and 
proportional  to  the  distance  from  it,  and  the  other  perpen- 
dicular to  the  equator,  and  proportional  to.  the  distanop 
from  its  plane.  There  is  now  by  hypothesis  B  superadded, 
on  each  particle,  a  force  proportional  to  Us  distance  from 
the  centre,  and  directed  to  the  centre.  This  may  also,  be 
resolved  into  a  foroe  perpendicular  to  the  axis,  and  ano- 
ther perpendicular  to  the  equator,  and  proportional  to  the 
distances  from  them.  Therefore,  the  whole  combined 
forces  acting  on  each  particle  may  be  thus  resolved  into 
two  forces  in  those  directions  and  in  those  proportions. 
Therefore,  a  mass  so  constituted  will  m«jntnjn  its  elliptical. 
form,  provided  that  the  velocity  of  its  rotation  be  such 
that  the  whole  forces  at  the  pole  and  the  equator  are  in- 
versely as  the  axes  of  the  generating  ellipse.  We  are  to 
ascertain  this  form,  or  this  required  magnitude  of  the  cen- 
trifugal force.  Having  done  this,  we  shall  restore  to  the 
accumulated  central  matter  it*  natural  gravitation,  or  its 
action  on  the  fluid  in  the  inverse  duplicate  ratio  of  the 
distances,  and  then  see  what  change  must  be  made  on  the 
form  of  the  spheroid  in  order  to  restore  the  equilibrium. 

348.  Let  BAfta  (Fig.  44.)  be  the  fictitious  elliptical 
spheroid'  of  hypothesis  B.  Let  B  E  be  be  the  inscribed 
sphere.  Take  E  G,  perpendicular  to  C  E,  to  represent 
the  force  of  gravitation  of  a  particle  in  E  to  the  central 
matter,  corresponding  to  the  distance  C  E  or  C  B.    Draw 
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CG.     Draw  also  A I  perpendicular  to  GA,  meeting  CO 
Jul.    DescribethecurveGLR,  whose  ordinates  GE,  LA, 

RM,  &c  ire  proportional  to  t^i  v,    y  prn*  ^c-  These 

ordinate*  will  express  the  gravitations  of  the.  particles  E, 
A.  SI,  &e.  to  the  central  matter  bj  hypothesis  A. 

la  hypothesis  A,  ;the  gravitation  of  A  is  represented  by 
A I*  but  in  hypothesis  B  it  is  represented  by  A  I.  For, 
in  hypothesis  B  the  gravitations  to  this,  matter  are  as  the 
distances.  E  G  is  she,  gravitation  of  E  in  both  hypotheses. 
Now,  EG:AL  =  CA  :CE%  butEG;  AI  =  CE: 
CA. — In  hypothesis  A  the  weight  of  the  uolunm  A  is  re- 
presekUed .  by  the  space  A  L  G  E,  but  by  A I G  E  in  hy- 
pothesis B.  If,  therefore,  the  spheroid  of  hypotheses  B  was 
m  equtfibrio,  while  tqnaag  round  its  axis,  the  equiiiiriun} 
is  destroyed  by  merely  changing  the  force  acting  on  the 
column  E  A.  There  is  a  loss  of  pressure  or  weight  bus-  < 
taiued  by  the  column  E  A.  This  may  be  expresed  by  the 
space  L  G  I,  the  difference  between  the  two  areas  E  G I A 
sad  EGLA.  But  the  equilibrium  may  be  restored 
by  adding  a  column  of  fluid  A  M,  whose  weight  ALBH 

shall  be  equal  toLGI,  which  is  very  nearly  =^ — — * 

In  order  to  find  the  height  of  this  column,  produce  GE 
on  the  other  side  of  E,  and  make  E  F  to  E  G  as  the  den- 
sity of  the  fluid  to  the  density  by  which  the  nucleus  ex- 
ceeded it.  E  F  will  be  to  E  G  as  the  gravitation  of  a  par- 
ticle in  E  to  the  globe  (now  of  the  same  density  with  the 
fluid)  is  to  its  gravitation  to  the  redundant  matter  collected 
in  the  centre.  Now,  take  D  E  to  represent  the  gravitation 
of  E  to  the  fluid  contained  in  the  concentric  spheroid 
E  $e  a,  which  is  somewhat  less  than  its  gravitation  to  the 
•phereEBtfk  Draw  C  D  N.  Then  AN  represents  the 
gravitation  of  A  to  the  whole  fluid  spheroid,  by  sec,  SIS. 
In  like  manner,  N  I  is  the  united  gravitation  of  A  to  both 
the  fluid  and  the  central  matter,  in  the  same  hypothesis. 
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But  in  hypothesis  A,  this  gravitation  it  mpreatotcd  by 
NL. 

Let  NO  represent  the  centrifugal  force  affecting  the  par- 
ticle A,  taken  in  due  proportion  to  N  A  or  N  L,  its  whole 
ijravitatioB  in  hypothesis  A\  DrawCKQi  t>Kwilrbw 
the  centrifugal  force  at  E.  The  space  0  K  6 1  will  ejfc 
press  the  whole  sensible  Weight  of  the  fluid  in  AE,  accord- 
ing to  hypothesis  B,  and  OKGL  will  express  the  sate*, 
according  to  hypothesis  A.  L  G  I  ii.the  difference,  to  be 
compensated  by  means  of  a  due  Addition  AM. 

This  addition  may  be  defined  by  the  quadrature  of  thtt 

spaces  G  E  A  L  and  G  L  I.     But  it  will  be  abundantly 

-  exact  to  suppose  that  G  L  R  sensibly  coincides  with  * 

straight  line,  and  then  to  proceed  in  this  manner.     W* 

have,  by  the  nature  of  the  curve  G  L  R, 

AL:EG  =  EC»f  AC 
Also  AH,  ctEG:A  I=EO  :AC 
Therefore  AL:  A  I  =B<?:  AC* 

No*,  when  a  hne  changes  by  a  very  small  quantity,  the 
variation  of  a  line  proportional  to  its  cube  is  thrice  as  gnsat 
as  that  of  the  line  proportional  to  the  root.  H  I  is  the 
quantity  proportional  to  E  A  the  increment  of  the  root 
EC.  I L  is  proportional  to  the  variation  of  the  cube, 
and  ts  therefore  very  nearly  equal  to  thrice  H  I, 

Therefore  since         E G :  H I  =  E  C :  AE,  ire may 
state  EG:LI=EC:8AE, 

or  3EG:LI  =EC:AE> 

Now,  QOLH  may  be  considered  as  equal  to  Q  R  «  A 
M,  or  as  equal  to  K  G  *  A  M,  and  L  Q  I  may  be  eon* 
sldend  as  equal  to  L  I  *  4  A  E,  andSKG*AM*=L 
I«AE. 

Therefore    8K6:AE^LI:AM 
but  EC:AE  =  8EG:LI 

therefore       2  KGxEC:  AE»sa  9  tiG:  AM. 

and  2KG;^-*=3EG:AM 
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The*  *-  twice  l)ip  sensible  gravity  at  the  equator  is  to 
lhn«a  tie  gravitation  to  the  central  matter  as  a,  third  pro- 
pprtioptl  to  ndw  sod  the  elevation  of  the  equator  U  to 
the  addition  naeeesajy  %  producing  the  certtWrtsm  ra- 
quired  in  hypothwU  A- 

This  addition  way  be  n«*e  readily  conceived  by  means 
ofaoeiwiwctioB.  MeJteAE^Ee^SKG^EG.  Draw 
#a  parallel  tp  £A>  an4  dsaw  VetR,  cutting  AN  in  «. 
The*  «tnia*hc  addition  that  must  be  made  to  the  opiums 
A  C.     A  similar  addition  must  be  made  to  every  diameter 

TV1 

C  T,  making  S  ff  G :  3  E  G  =  V.  y  :  T  t,  and  the  whole 

willue  ip  «oi*i*or^. 
340-  This  determination  flf  the  eujpticjty  will  equally 
■pit  tbeae  cases  where  the  fluid  is  ■ apposed  denser  than 
WW  solid  Buejeua,  or  where  there  is  a  central  hollow.  For 
E  G  «ay  be  takpn  negatively,  as  if  a.  quantity  of  matter 
were  placed  in  the  oantn  acting  with  a  repelling  of  centri- 
fugal force  on  the  fluid.  This  is  represented  on  the  other  ' 
aide  of  tbeunB£>  The  space  g il  in  this  caaa  is  qegk 
tjve,  and  imjiatfaa  ft  diminution  of  the  column  9  e,  in  order 
to  restore  the  equilibrivi*- 

350.*  It  is  evident  that  the  figure  resulting  from,  thja 
WHtnKtsW  W  not  an  accurate  ellipse.  For,  iq  the  ellipse, 
T  t  would  be  in  a  constant  ratio  to  V  T,  whereas  H  ie  to 
VT*hyoitfoeostri«^ofi,  But  U  M  iuj»  eyident,  that  in  the 
cases  of  osaaU  deviation  &©»  pw&ft  sphericity,  the  change, 
of  (gin  fetm  the  acciHRte  ellipse,  of  hypothesis  J5  (S  van 
small  Tbegnaieat  devifttipq  happens  when  E  0  »  »  PWM- 
OHP.     Itom  never  be  pepBJbly  greets*  in  prppartion  to 

A  E  than ft  of  A  E  is  i»  proportion  to  E  C,  unless  the.  sen, 

trtfog«l.*we  F  P  be  rery  great  in  comporiBopof./thagr*, 
nlyDE.     lit  tlw  caae  of  thp  Eflflth,  where  E  4  »  nwrly   . 
■  I  b  of  E  C,  if  we  suppose  the  mean  density  of  the  Earth 
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to  be  five  times  that  of  sea  water,  a  m  will  not  exceed 
«r  An  of  E  C,  or  B  J,  of  A  E. 

351.  We  are  not  to  imagine  that,  since  central  matter 
requires  an  addition  A  M  to  the  spheroid,  a  greater  den- 
sity in  the  interior  parts  of  this  globe  requires  a  greats 
equatorial  protuberancy  than  if  all  were  homogeneous'; 
for  it  is  just  the  contrary.  The  spheroid  to  which  the  ad- 
dition must  be  made  is  not  the  figure  suited  to  a  homoge- 
neous mats,  but  a  fictitious  figure  employed  as  a  step  to 
facilitate  investigation.  We  must,  therefore,  define  its  el- 
liptic! ty,  that  we  may  know  the  shape  resulting  from  the 
final  adjustment 

Let/*  be  the  density  of  the  fluid,  and  n  the  density  of 
the  nucleus,  and  let  n  — f  be  —  q,  so  that  g  corresponds 
with  E  G  of  our  constuction,  and  expresses  the  redundant 
central  matter  (or  the  central  deficiency  of  matter,  when 
the  fluid  is  denser  than  the  nucleus).  LetBCorECEbe 
r,  A  E  be  m,  and  let  #■  be  the  mean  gravity  (primitive), 
and  c  the  centrifugal  force  at  A.  Lastly,  let  *-  be  the  cir- 
cumference when  the  radius  of  the  circle  is  1. 

The  gravitation  of  B  to  the  fluid  spheroid  is  £  *fr 
(387),  and  its  gravitation  to  the  central  matter  is  \*qr. 
The  Bum  of  these,  or  the  whole  gravitation  of  B,  is  J  «•  nr. 
This  may  be  taken  for  the  mean  gravitation  on  every  point 
of  the  spheroidal  surface. 

But  the  whole  gravitation  of  B  differs  considerably  from 
that  of  A. 

ltno,  C  A,  or  C  E,  is  to  }  A  E  as  the  primitive  gravity 
of  B  to  the  spheroid  is  to  its  excess  above  the  gravitation 
(primitive)  of  A  to  the  same,  (S8T-)  That  is,  r.-j*  = 
i  'fr  '•  A  «fxi  wd  &  rfx  expresses  this  excess. 

ftdo,  In  hypothesis  B,  we  have  C  E  to  C  A  as  the  gra- 
vitation of  B  or  E  to  the  central  matter  is  to  the  gravita- 
tion of  A1  to  the  same.  -  Therefore  C  E  is  to  E  A  as  the 
gravitation  of  E  to  this  matter  is  to  the  axons  of  A's  gra- 


KibyGoogle 


FIGUfcK  OF  TBS  IARTH.  255 

vitation  to  the  same.     This  excess  of  A's  gravitation  is 
expressed  by  f  rqs,  for  r:x=$rqr:%rq*. 

Stio.  Without  any  sensible  error,  we  may  state  the  ratio 
of  g  to  c  as  the  ratio  of  the  whole  gravitation  of  A  to  the 
centrifugal  tendency  excited  in  A  by  the  rotation.  There- 
fore g  :  c  =  §*nr:  — ~ ,  and  this  centrifugal  tenden- 


ed  by  N  O  in  our  construction. 
The  whole  difference  between  the  gravitations  of  B  and 

A  is  therefore-^  mf*  —  lrJ*  +  — ~ •    The  gravita- 
tion of  B  is  to  this  difference  as  f  rnrto  ^  *fx  —  $*q* 

+  — or  (dividing  all  by  J  * n)  as  r  xa-'  -      —4.  — . 

3  g  5  m       n      g 

Now  the  equilibrium  of  rotation  requires  that  the  whole 
polar  force  be  to  the  sensible  gravitation  at  the  equator  as 
the  radius  of  the  equator  to  the  semiaxis  (824.)  There- 
fore we  must  make  the  radius  of  the  equator  to  its  excess 
above  the  semiaxis  as  the  polar  gravitation  to  its  excess 
above  the  sensible  equatorial  gravitation.      That  is  r  :  x 

=  ri£—V+iL,  «»d  therefore  ,  =-£_£f  +  c_T 
fin        n       g  6n      n       g 

Hence  we  have  —  =  *  +  2^— ■&      But  a  =c  n  _  f, 
g  n       fin  *  J 

Therefore  °1  =  ,  +  !?^£?-  L*    =,  +  ,_«.", 
g  n         n        fin  fin 


2  *  —  ^,  =  *  X  (%  _  %}      Wherefore   *  = 
fin  V  6n/ 

which  is  more  conve- 


niently  expressed  in  this  form  a 


%g     An  — 3/ 


KibyGoogle 


4M  ,r#?W4t  a^mvqmt. 

aperies,    or   ellipticity    of    the    spheroid   is  -;,  =  ~-  « 

Such  then  is  the  elliptical  spheroid  of  hypothesis  B ;  and 
we  saw  that,  in  respect  of  form,  it  is  scarcely  distinguish- 
able from  (he  figure  which  the  mass  will  hare  when  the 
fictitious  force  of  the  central  matter  gives  place  to  the  na- 
tural force  of  the  dense  spherical  nucleus.  Thjs  is  .true  at 
least  in  all  the  cases  where  the  centrifugal  force  is  very 
■mall  iq  comparison  with  the  mean  gravitation. 

We  must  therefore  take  some  notice  of  the  influence 
which  the  variations  of  density  may  have  an  the  form  of 
this  spheroid.  We  may  learn  this  bj  attending  to  the  for- 
mula 


r       2g    5»  —  8/ 
The  value  of  this  formula  depends  chiefly  on  the  fraction 


852.  If  the  density  of  the  interior  parts  be  immensely 
greater  than  that  of  the  surrounding  fluid,  the  value  of  this 

fraction  becomes  nearly  J,  and  Z  becomes  nearly  ==  —  > 

and  the  ellipse  nearly  the  same  with  what  Hermann  assign- 
ed to  a  homogeneous  fluid  spheroid. 

If  n  =  5f;  then  - — !t— =A;  and,  in  the  case  of 
0  *i  —  a j      XX 

the  Earth,  -  would  be  nearly  =  vrsv  making  an  equa- 
torial elevation  of  nearly  7  miles. 

™_„_    „    and 
-3/ 

*  =  ~ ,  which  we  have  already  shewn  to  be  suitable  to  a 
r       *g  ■ 

homogeneous  spheroid,  with  which  this  is  equivalent.   The 
1 
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protuberance  or  Wliptioity  in  this  case  is lo  that  when  the 
nucleus  u  Lncentparably  denser  thaa  the  fluid  in  tat 
Tpwpottkmof  fitoA  This  »  the  greatest  esbpticrty  that 
Ma  obtain  when  the  fldkl  is  not  denser  than  the  nodeua. 

Between  these  two  extremes,  all  other  valaesof  the  for- 
■Mbl  aM  ooopetent  to  homogeneous  spheroids  of  grantnt- 
ing  fluid*,  covering  n  spheric*!  nucleus  of  greater  density, 
either  usJ&rmly  dense,  or  consisting  of  obneentric  spberi- 
eal  strata,  each  of  wbicli  is  unuoranly  denae.  . 

From  this  view  of  the  extreme  cases,  we  may  infer  iq 
general,  that  en  the  ineumbent  .fluid  become*  rarer  in  pro- 
portkw*  to  the  nucleus,  the  eJhptirity  dimnisbes.  M.fipiw 
Bofilli  (Daniel),  misled  by  a  gratuitous  assumption,  says  in 
his  theory  <ff  lf»e  tides  that  the  dhptitity  prwrooed  in  ilia 
aeVeal  laid  which  surrounds  this  gbbe  will  be  800  times 
greater  than  that  of  the  soSd  nudaus;  birt  this  is  a  mis- 
take,  winch  a  juster  assumption  of  Alto  would  haw  pre- 
Tewted.  -  The-  aereal  spheroid  will  be  sensibly  les  obhtt* 
than  the  nuctens. 

It  was  aaMthatthe  value  of  the  fomnil*  depended  chief- 

lyon  the  fraction  j-  XlTt?'    ^ut  'll  ^P™^8  ■^ao  on  *e. 

theftaetion^— .  increasing  or  diminishing  as  c  increases  or 

......  xg--      .....  -. 

ifauajtihii,  or  a*  #  diminishes  or  inerntacB.     It  Jnttst  tUlh 

he  remarked  that  the  tlieoreih  —  =  -1  for  a  homogeneous' 

.-"i-  »ri  ,-■  ..*.  r.      .4g_  ,        ..":•- 

spheroid  waa  deduced  from  the  supposition  that  the  ecoajn-, 
BW9^;ia.Vepy«ottll<SeEa«t.3afi,**0.V  WheHtheiota- 
Han-  nv:veyy  rapid,' there  is  another  farm  «•?  am  eiipueai, 
ipheWad,  -whrch  is  in  that  Iciad  *f  equMbritt »,  which,  if  it, 
fetinturbsd,  will  not  bejreos-wred,  b«t  Ute  eccentricity  wik\ 
inarcaw  wkh  gnat  rapidity,  till  the  whale  dissipates  in  »: 
wood  dtt  *he*t.  Hut  within  this  lisast  there  is  a  kind  of 
stability  in  the  «jutfi6rwwi,  by  which  it  is  recovered  -when 
it  is  disturbed.  If  the  rotation  be  too  rapid,  the  spheroid 
Vol.  III.  R 
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becomes  more  oblate,  and  the  fluids  which  accumulate 
about  the  equator,  having  less  velocity  than  that  circle,  re- 
tard the  motion.  Thu  goes  on  however  some  time,  tiuVche 
true  shape  is  overpassed,  and  then  the  accumulation  relaxes. 
The  motion  is  now  too  alow  for  this  accumulation,  and  the 
waters  flow-  back  again  toward  the  poles.  Thus  an  oscilla- 
tion is  produced  by  the  disturbance,  and  this  is  gradually 
diminished  by  the  mutual  adhesion  of  the  waters,  and  by 
friction,  and  things  soon  terminate  in  the  resumption  of  die 
proper  form. 

354.  When  the  density  of  the  nucleus  is  less  than  that 
of  the  fluid,  the  varieties  which  result  in  the  form  from  a 
variation  in  the  density  of  the  fluid  are  much  greater,  and 
more  remarkable.  -  Some  of  them  are  even  paradoxical. 
Cases,  for  example,  may  be  put,  (when  the  ratio  of  n  Utf 
differs  but  very  little  from  that  of  3  to  5),  where  a  very 
small  centrifugal  force,  or  very  slow  rotation,  shall  produce 
a  very  great  protuberance,  and,  on  the  contrary,  a  very 
rapid  rotation  may  consist  with  an  oblong  form  like  an  egg*. 
But  these  are  very  singular  cases,  and- of  little  use  in  the 
explanation  of  the  phenomena  actually  exhibited  in  the 
solar  system.  The  equilibrium  which  obtains  in  such  cases 
may  be  called  a  tottering  etpMbriwn,  which,  when  once 
disturbed,  will  not  be  again  recovered,  but  the  dissipation 
of  the  fluid  will  immediately  follow  with  accelerated  speed. 
Some  cases  will  be  considered,  on  another  occasion,  where 
there  is  a' deficiency  of  matter  in  the  centre,  or  even  a  hol- 
low. 

855.  The  chief  distmction  between  the  cases  of  a  nucleus 
covered  with  an  equally  dense  fluid,  and  a  dense  nucleus 
covered  with  a  rarer  fluid,  consistsin  the  difference  between 
die  polar  and  equatorial  gravities;  for  we  see  that  the  dif- 
ference in  shape  is  inconsiderable.  It  has  been  shewn-el- 
ready  that,  in  die  homongeneous  spheroid  of  smaHeeoan- 
.  tricity,  the  excess  of  the  polar  gravity  above  the  sensible 
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wial  gravity  is  nearly  equal  toC-  (for  r  :  }  x  :  —g: 
p--  Y    When,  in  addition  to  this,  we  take  into  account  the 

diminution  c,  produced  by  rotation,  we  have  €—  +  c  for  the 

whole  difference  between  the  polar  and  the  sensible  equa- 
torial gravity.     But,  in  a  homogeneous  spheroid,  we  have 

*  =  -r — .  Therefore  the  excess  of  polar  gravity  in  a  homo- 
geneous revolving  spheroid  is  -r-  +  c  or  —  We  may  dis- 
tinguish this  excess  in  the  homogeneous  spheroid  by  the 
symbol  E. 

866.  But,  in  hypothesis  B,  the  equilibrium,  of  rotation 
requires  that  r  be  to  x  as  g  to  €— ,  and  the  excess  of  polar 

gravity  in  this  hypothesis  is  sL_ .  But  we  have  also  seen  that 

in  this  hypothesis,  -  =  —  x — .  Therefore  the  ex- 

r      xg    o  n  —  3j 

cess  of  polar  gravity  in  this  hypothesis  is  ■—  x  - — — — 

Let  this  excess  be  distinguished  by  the  symbol  ■. 

367.  The  excess  of  polar  gravity  must  be  greater  than 
this  in  hypothesis  A.  For,  in.  that  hypothesis  tile  equato- 
rial gravity  to  the  fluid  part  of  the  spheroid  is  already 
smaller.  And  this  smaller  gravity  is  not  so  much  increas- 
ed, by  the  natural  gravitation  to  the  central  matter,  in  the 
inverse  duplicate  ratio  of  the  distance,  as  it  was  increased 
by  the  .fictitious  gravity  to  the  same  matter,  in  the  direct 
mtifrqtaie  distance*.  The  second  of  the  three  distinctions 
noticed  in  sect  606.  between  the  gravitations  of  B  and  A 

was  —  i- .  .  This  must  now  be  changed  into  H *—  as 
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may  easily  be  deduced  font  sect,  348,  where  —  2f  It  te-> 

presented  by  H  I  in  Fig.  44,  and  the  excess,  forming  the 
compensation  for  hypothesis  A  is  represented  by  rlXf 
nearly  double  of  H  I,  and  in  the  opposite  direction,  dimi- 
nishing the  gravitation  of  A.     The  difference  of  these  two 

states  is  — ±— ,  by  which  the  tendency  of  A  to  the  central 

matter  in  hypothesis  A  falls  short  of  what  it  was  la  bypo- 

thesis}}.    Therefore,  as -Lf—  £f +  —  i8  to -25,  so  is  the 
5n       »       g  n 

excess ,  to  a  quantity  ',  whiali  must  be  added  to  ',  in  order 

to  produce  the  diffiareoce  of  gravities  «,  eonrbrinable  to  the 

statement  of  hypothesis  A.     Now,  in  hypothesis  B  we  had- 

*  =  —  —  * — | ,  and  we  may,  without  scruple,  sup- 
on       »       £• 

pose  x  the  same  in  hypothesis  A.     Therefore  ' : '  =  *: 

ft  n  A  n  % 

-i—  x .-^-t— —  x- — <    Add  to  this  *, 

Bn — 3f  n       »        %      6n—Sf 

which  is  — —  st  - — "  •  ••,  and  we  obtain  for  the  escess  e  of 

polar  gravity  in  hypothesis  A  ==  —  x  _ — ^-J. 

8A6.  Let  us  now  compile  this  exuess  of  polar  gravity 
above  the  sensible  equatorial  gravity  in  the  three  hyptv 
theses :  lrt,  A,  iuited  to  the  fluid  turrcWidthg  a  dpberi- 
ojJi  nucleus  of  greater  dwiity:  fid,  B,  suited  to  the  stole' 
fluid*  surrounding  a  central  newseus  whioh  attract!  with  a 
force  proportional  to  the  distance  t  add,  8d»  C,  sintetteb  a- 
homogeneous  fluid  spheroid,  m  eaelosing » ipsswinnt  nv>deu» 
of  equal  density.  Theae  excesses;  are 
A  Sc„U-*f 

.    A  T     h^=ty 
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:  It  is  evident  that  the  sum  of  A  and  B  is -^  x  ^^M 
which  ts  double  of  C,  ot  if  x  ?*"""*£  and  therefore  C 
is  the  arithmetical  mean  betwaao  than*, 
'  Sow  we  have  seen  that  ^  x  ymT?>  expresses  the  rai 
So  of  the  excess  of  polar  gravity  *p  ■  the  mean  gmv^y  u>  the 
hypothesis  A.     We  have  also  seen  that  ^  x  --  *  a  J0*! 

safely  he  taken  as  tha  yalua  of  the  -  ajjipticifa-  in,  the  sssnc 
hypothesis.  It  istppt  perfeefjy  exsat,  but  tkt  deviation  is 
altogether  inasnaible  ja  *  case  gfcf  t**t  <tf  the  B«rth,  what* 
the  sofatiati  Wd  the  eccentricity  are  so  wdcrato.  Aa& 
My,  Wil'l  seen  that  tfee  sank*.  fra«ion  that  expresses 
the  ratio  of  the  aseasa  *f  pefer  grftrfey  to  spaas)  gravity, 
in  a  howsngenaoua  spliafoid,  ah»  eijwewes  its  ellipticrty, 
and  that  twice  this  fraction  js  equal  to  #M  sugt  af  the  other 
two, 

359,  Hence  may  beqVajired  A  haaulifn)  theorem,  lint 
gtwn  by  M.  Clajraut,  that  rt«  ^ttcsio*  wpraww^  WW 
tie  ctiipfcisjf  o/  f  Aeawpmeosw  rtfttfoiAg  tphgr&d  i>  wW 
sum  flf  (a»  fraction*,  one  of  which  exprttte*  the  ratio  of 
the  exeats  of  pater  gravity  to  mean  gravity,  and  the  other 
cmprW  th*  tfiptifty  of,  atty  4ph*rot<i  tf  ttnaU  ecctntri- 
city,  which  ameitU  of  a  fluid  covering  *  deneer  tphetaeai 

motet*. 

If,  thnwnfiw,  say  other  phefttaneB*  gasn  «*,  m  the  «**• 
of  a  revolving  spheroid,  the  proportion  of  polar  and  equa- 
torial gravities,  we  can  find  its  ellipticity,  by  subtracting 
die  fraction  expressing  the  ratio  of  the  excess  of  polar  gra- 
vity to  the  mean  gravity  from  twice  the  ellipticity  of  a  ho- 
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mogeneons  spheroid.  Thus,  in. the  caw  of  the  Earth, 
twice  the  eUipticity  of  the  homogeneous  spheroid  is  T-[r.  A 
medium  of  seven  comparison*  of  the  rate  of  pendulums  gWes 
the  proportion  of  the  excess  of  polar  gravity  above  the 
.mean  gravity  =  IT „.  If  this  fraction  be  subtracted  from 
T|  j,  it  leaves  t\v  for  the  medium  eUipticity  of  the  Earth. 
Of  these  seren  experiments,  five  are  scarcely  different  in 
the  result.  Of  the  other  two,  one  gives  an  eUipticity  not 
exceeding  5J T.  The  agreement,  in  general,  is  incompar- 
ably greater  than  in  the  forms  deduced  from  the  compari- 
sons of  degrees  of  the  meridian.  All  the  comparisons  that 
have  been  published  concur  in  giving  a  considerably  small- 
er eccentricity  to  the  terraqueous  spheroid  than  suits  a 
homogeneous  mass,  and  which  is  usually  called  Newton's 
determination.  It  is  indeed  his  determination,  on  the  sup- 
position of  homogeneity ;  but  be  expressly  says,  mat  a 
different  density  in  the  interior  parts  will  induce  a  different 
form,  and  he  points  out  some  supposititious  cases,  not  in- 
deed very  probable,  where  the  form  will  be  different 
Newton  has  not  conceived  this  subject  with  bis  usual  saga- 
city, and  has  made  some  inferences  that  are  certainly  in- 
consistent with  his  law  of  gravitation. 

That  the  protuberancy  of  the  terrestrial  equator  is  cer- 
tainly less  than  ,iz  proves  the  ulterior  parts  to  be  of  a 
greater  mean  density  than  the  exterior,  and  even  gives  us 
■erne  means  for  determining  how  much  they  exceed  in 

density. .    For,  by  making  the  fraction  —  x  fi —^ 

=  iJu,  u  indicated  by  the  experiments  with  pendulums, 
we  can  find  the  value  of  n. 

360.  The  length  of  the  seconds  pendulum  is  the  mea- 
sure of  the  accelerating  force  of  gravity.  Therefore,  let 
/  be  this  length  at   the  equator,  and  /  +  d  the  length 

at  the  pole.    We  have  j-  *  ■b_,//.  =  j ,  whence 
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g~~af=:  jr^7.    This  equation,  when  properly  treat- 

.     .       n         I6cl  —  6gd  .    . 

* "T?/  =  20cl-\0gd>  **•  kc* 

The  imdc  principles  may  be  applied  to  any  other  planet 
mvwtt  as  to  this  Berth.  Thus,  we  can.  tell  what  portion 
of  the  equatorial  gravity  of  Jupiter  is  expended  in  keeping 
bodies  on  his  ■m&oe,  by  «moipariag  the  time  of  las  ro- 
tation with  the  period  of  one  of  his  satellites.  We  find 
that  the  centrifugal:  force  at  his.equator  in  /,  of  the  whole 

gravity,  and  from  the  equation  -7 —  =  a,  we  should  in- 
fix, tart  if  Jupiter  be  a  homogeneous  fluid  or  flexible  sphe- 
roid, hia  equatorial  diameter  will  exceed  bis  polar  axis  near- 
ly 10  parts  in  118,  winch  is  not  Toy  different  from  what 
we  observe ;  so  much,  however,  as  to  authorise  us  to  con- 
clude, that  Ins  density  is  greater  near  the  centre  than  on 


These  observations  must  suffice  as  an  account  of  this 
subject  Many  circumstances  of  gnat  enact  are  omitted, 
that,  the  consideration  might  be  reduced  to  such  simplicity 
as  to  be  disowned,  without  the  aid  of  the  higher  geometry. 
The  student  who  wishes  for  more  complete  information 
must  consult  the  elaborate  performances  of  Elder,  Clair- 
ant,  D'Alembert,  and  La  Place.  The  dissertation  of  Tb. 
Simpson  on.  the  same  subject  is  excellent.  The  dissert*. 
ODn.of  F.  Boscbvkh  will  be  of  great  service  to  those  who 
are  km  Tenant  in  the  fluxionary  calculus,  that  author 
having  every  when  endeavoured  to  reduce  things  to  a 


*  We  have  informstioo  very  Istelj  of  the  * 
grue,  by  Major  Lsmbton,  in  the  Mysore  in  India,  with  excellent  in- 
struments. It  lies  in  1st.  18°  32',  and  its  length  is' 60*9*  British 
fit  thorns.-  We  are  also  informed,  by  Mr  MeUnderhielm  of  the  Swe- 
dish academy,  that  the  measure  of  the  degree  Id  Lapland  by  Mau- 
pertuta  is  found  to  be  80S  toisca  too  ureal-    Hue  was  suspected. 
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geometrical  construction.  To  these  I  would  acW  lbs  Cos* 
mographia  -of  Frisius,  as  a  very  masted;  performance  ott 
this  part  of  his  subject,  '   —  ' 

It  were  desirable  that  another  -element  were  added  td 
the  problem,  by  supposing  the  planet  to  ooauiet  of  coherent 
■Vubkf  matter.  Itis  apprehended,  that  this  would  giw  it 
a  form  more  applicable  to  the  actual  Matt  of  thweav  If  a> 
plane*  consist  of  sash  roatenv  ductile  like,  melted  glass,  the 
■hope  which  rotatieu,  ocuobuiori  with  gswitatk*  md  this 
hind  of  cohesion,-  would  induce,  will  be  cowidatahly  d& 
ferent  from  what  we  have  been  considering,  and  susceptible 
of  great  variety,  according  to  the  thickness  of  the  shell  of 
which  it  i»  supposed  toUOMut.  The-fitnn  of  *uch*BbeIl 
wilt  have  the  chief  wtfeeiu*  onthwibrm  which .wiJlfoe  as* 
ttroedbyaeoeeaae  or  atmosphere  which  may. sonwund  it. 
I»"thegi^rfMai«beBs*oe«ottU:afithe:la4eob*eTTe»o» 
indicate  it  to  be,  it  in  -wary  probable  that  it  is  hnilow,  with 
no  great  thickness.  For  the  centrifugal  force  maat  be  e*. 
oeedingly  small.     ... 

■  Ml.  The  meat  singular  example  of  this  phenomencai 
that  is  exhibited  in  the  solar  system,  ia  the  vaat  mrth  01 
ring  which  surrounds  the  planet  Saturn,  and  turns  round 
ita  axis  with  most  astonishing  rapidity.  It  is  above  JeOQOOQ 
miles  isj  diameter,  and  make*  *  complete  TOtation  in  ten 
'  hoars  and  thirty-two  minutes.  X  paint  en  its  surface 
moves  at  the  rate  of  1000$  miles  in  a  minute,  or  needy  IT 
miles  in  one  beet  of  the  clock,  which  is  58  times  as  swift 
at  the  Earth's  equator. 

■-  M.  Xji  Place  has  made  the  mecfaamam  of  this  wiotioa. * 
subject  of  his  examination,  and  has  prosecuted  it  with  great 
zeal  and  much  ingenuity.  Be  thinks  that  the  permanent 
state  of  the  ring,  in  its  period  of  rotation,  may  be  explain- 
ed, on  the  supposition  that  its  parts  are  without  connexion, 
revolving  round  the  planet  like  so  many  satellites,  .bo  that 
it  may  be  considered  as  a  vapour.  It  appears  to  me,  that 
this  is  not  at  all  probable,     lie  says,. that  the  observed  in. 
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pt[tt«liW  in  the  circle  of  the  ring  we  necessary  fox^  keeping 
it  from  onalaffing  with  the,  planet.  Such  inequalities  seem 
wcouaftatible  with  its  own  ojpititutkin,  being  inconwateni 
with  the.  tfgw/iiriwip  of;  forces  aa«)Dg  iurobaoent  bodies, 
Besides,  V .-jb«  suppo^  i»  cohesion  in  it,  an;  inCTflialitias 
V»:ti» ,«n*sptu^iou  of  .its.  different  parts  cannot,  influence 
lini..  geaeraJ.  BMfipn  of  the  whole  in.ifm.  manner  he  ny* 
fW6»*  but  Tneselj;  by  an  inequality  of  gravitation.  The 
eSect  ^^it^/pfi^s^grt^eoded^jiovii  be  to  -destroy  the 
permanency,  of  ..its:  obstruction,,  without  aeenringi  as  be 
imagines,  ,  tbejsjeadiaeai  of  it*  position,  ..  Jtfut  this  Beeras  to, 
be  the  ptriot  whkib,  he  is  eager  toestaUish ;;  and  he  ■finds, 
in  tfw  yuoycQua.lu|t  of  ppsaihiliiaea,  ccipdinopa  which,  bring 
things,  within  his  general  equation  for  the  equilibrium  of 
revolving;  spheroids*,  but, the  equation  is  so  very  general,  * 
and  tbe , conditions,  are.  so.  many,  .and.  so  implicated,,  that 
Uiareja  reason  to  fear,  that,  in  aqme  circumstances,  the 
qt&iiitmm  is  of  that  kind,  that  -has  no  .stability,  but,  if 
disturbed  in  the  smallest  degree,  is  destroyed  altogether, 
beiag  iik*  the  equilibrium  of  a  needle  poised  upright  on 
Us  point. '  There  »  aatrouger  objection  to  M.  La  Place's 
ttnlsnatiosb  He  is  certainly  rajsjafcen  in  thJakinfc  that 
the  period  <of 'the  rotation  of  the  ring  is  that  which  a  satel- 
lit*  would  hnve  at  the  same  distance.  -  The  second  Caasi. 
oian  satellite  revolves  in  65*  W,  and  its  distance  is  5&V& 
(the  elftogation  in  seeonds>  Now  66"'44'f  :  10"  32i|*  = 
ffijFi  JM5.  This  is  the  distance  at  which  a  satellite 
would  involve  in  10"  32'.  It  must  be  somewhat  less  than 
#ais*  on  aoopunt  .of  the  oblate  figure  of  the  planet  Yet 
even  thifl  is  teas  than  the  radius  of  the  very  inmost  edge  of 
the  ring.  ■  The  radius  of  the  outer  edge  is  not  less  than 
S*tvi*ad'tfiat>ef  its  middle  is  SO. 
-,'  It  is  at  mneh  more  probable  supposition  (for  we  can  only 
suppose)*  ;wMt  the  rhtg  oatwats  of  coherent  matter,  It  has 
been  represented  as  supporting  itself  like  an  arch ;  hut  this 
inlets.  winHwiblo  than  La  Place's  opbuon.    The  rapidity 
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of  rotation  is  audi  as  would  immediately  scatter  the  arch, 
as  water  is  flirted  about  from  a  mop.  ■  The  ring  must  co- 
here, and  even  cohere  with  considerable  force,  in  order  to 
counteract  the  centrifugal  force,  which  considerably  exceeds 
its  weight.  If  this  be  admitted,  arid  surely  it  is  the  most 
obvious  and  natural  opinion,-  there  will  be-  no  difficulty 
arising  from  the  Telocity  of  rotation  or  the  irregularity-  of 
its  parts.  M.  La  'Place  might  easily  please  his  fancy  by 
contriving  a  mechanism  for  its  motion. "  We  may  suppose 
that  H  is  a  viscid  substance  like  melted  glass.  If  matter 
of  this  constitution,  covering  the  equator  of  a  planet,  turn 
round  its  axis  too  swiftly,  the  viscid  matter  wUl  be  thrown 
off,  retaining  its  velocity  of  rotation.  It  will  therefore  ex- 
pand into  a  ring,  and  will  remove  from  the  planet,  tiHtkfe 
velocity  of  its  equatorial  motion  correspond  with  its  dia- 
meter and  its  curvature.  However  small  we  suppose  the 
cohesive  or  viscid  force,  if  will  cause  this  ring  to  stop  at  a 
dimension  smaller  than  the  orbit  of  a  planet  moving  with 
the  same  velocity.— These  seem  to  be  legitimate  conse- 
quences of  what  we  know  of  coherent  matter,  and  they 
greatly  resemble  what  we  see  in  Saturn's  ring.  This  con- 
stitution of  the  ring  is  also  well  fitted  for  admitting  those 
irregularities  which  are  indicated  by  the  spots  on  the  ring, 
and  which  M.  La  Place  employs  with  so  much  ingenuity 
for  keeping  the  ring  in  such  a  position,  that  the  planet  al- 
ways occupies  its  centre.  This  is  a  very' curious  circum- 
stance, when  considered  attentively,  and  its  importance  is 
far  from  being  obvious.  The  planet  and  the  ring  an 
quite  separate.  The  planet  is  moving  in  an  orbit  round' 
the  Sun.  The  ring  accompanies  the  planet  in  all- the  ir- 
regularities of  its  motion,  and  has  it  always  in  the  middle. 
This  ingenious  mathematician  gives  strong  reasons  for 
thinking,  that  if  the  ring  were  perfectly  circular  and  uni- 
form, although  it  is  possible  to  place' Saturn  exactly  in  its 
centre,  yet  the  smallest  disturbance  by  a  satellite  or  pass- 
ing comet  would  be  the  beginning  of  a  derangement,  which 
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would  rapidly  increase,  and,  after  a  very  short  time,  Sa- 
turn would  be  in  contact  with  the  inner  edge  of  the  ring, 
never  more  to  separate  from  it  But  if  the  ring  is  not 
uniform,  but  more  massive  on  one  side  of  the  centre  than 
on  the  other,  then  the' planet  and  die  ring  may  revolve 
round  a  common  centre,  very  near,  but  not  coinciding  with 
the  centre  of  the  ring.  He  also  maintains,  that  the  oblate 
form  of  the  planet  is  another  circumstance  absolutely  ne- 
cessary for  the  stability  of  the  ring.  The  redundancy  of 
the  equator,  and  flatness  of  the  ring,  fit  these  two  bodies 
for  acting  on  each  other  like  two  magnets,  so  as  to  adjust 
each  other's  motions. 

The  whole  of  this  analysis  of  the  mechanism  of  Saturn's 
ring  is  of  the  most  intricate  kind,  and  is  carried'  on  by  the 
author  by  calculus  alone,  so  as  not  to  be  instructive  to  airy  • 
but  very  learned  and  expert  analysts.  Several  points  of 
it,  however,  might  hare  been  treated  more  familiarly. 
But,  after  all,  it  must  rest  entirely  on  the  truth  of  the  con- 
jectures or  assumptions  made  for  procuring  the  possible 
application  of  the  fundamental  equations. 

302.  The  Moon  presents  to  the  reflecting  mind  a  phe- 
nomenon that  is' curious  and  interesting.  She  always  pre- 
sents the  same  face  to  the  Earth,  and  her  appearance  just 
now  perfectly  corresponds  with  the  oldest  accounts  we  have 
of  the  spots  on  her  disk.  These,  indeed,  are  not  of  very 
ancient  date,  as  they  cannot  be  anterior  to  the  telescope. 
But  this  is  enough  to  shew  that  the  Moon  turns  round  her 
axis  in  precisely  the  same  time  that  she  revolves  round  the 
Earth.  Such  a  precise  coincidence  is  very  remarkable, 
and  naturally  induces  the  mind  to  speculate  about  the 
cause  of  it  Newton  ascribed  it  to  an  oblong  oval  figure, 
more  dense,  or  at  least  heavier,  at  one  end  than  at  the  . 
other.  This  he  thought  might  operate  on  the  Moon  some- 
what in  the  way  that  gravity  operates  on  a  pendulum.  He 
defines  this  figure  in  Proposition  38.  B.  III. ;  and  as  the 
eccentricity,  or  any  deviation  of  its  centre  of  gravity  from 
7 
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that  of  its  figure,  is  extremely  small,  the  vis  disponent,  by 
which  one  diameter  is  directed  towards  the  Earth,  is  sJsq 
very  minute,  apd  its  operation  must  be  too  slow  to  keep 
one  face  steadily 'turned  to  the  J£«rth,  in  opposition  to  the 
momentum  pf  rotation  Bound  the  axjst  seven  or  eight  days 
being  all  the  time  that  is  allowed  for  producing  this  effect. 
Therefore  we  observe  what  is  called  the  Liify^ioa  of  the. 
Moon,  arising  from  the  uniform  rotation  of.  the  Moonj 
eomhuwd  with  her  unequable  orbital  metipn.  .  One  diame* 
ter  of  the-Mooflisflwaya  turned  to  (he  upper  focus  of  he* 
orbit,  because  her  angular  motion  round  -that  fpcuB  is  at 
most  perfectly  uniform,  and  therefore  -  correspond!  with, 
her  iinifcnp.rotatinn...  Bui-that  diameter  which  is  towards 
us) when. the  Moonria  in  her  apogee  px  perigee,  deviates 
from  the  Earth  almost  six  degrees  when  she  is  in  quadra, 
'ture.  But' aUhongh,  in  the  short  space  of  eight  days,  Uie 
pendulous  force  of  the  Moon  cannot  prevent  this  deviation 
altogether,  it  undoubtedly  lessens  it  It  is  said  to  pnxhwt 
another  efiaet.  If  the  original  projection  of  the  Moon  in 
the  tangent  of  her  orbit  did  not  precisely,  but  very  nearly  ^ 
correspond  with- the  rotation  impressed  at  the  same  time, 
this  pendulous  tendency  would,  in  the  course  of  many 
ogen,  gradually  lessen  the  difference,  and  at  last  make  the 
notation  perfectly  cosntnensurate  with  the  orbital  revolu- 
tion. 

But  we  apprehend,  that  this  conclusion  cannot  be  ad- 
mitted. For,  in  whatever  way  we  suppose  this  arranging 
force  to  operate,  if  it  has  been  able,  in  the  course  of  ages, 
to  do  away  some  small  primitive  difference  between  the 
velocity  of  rotation  and  the  velocity  of  revolution,  it  must, 
certainly  have  been  able  to  annihilate  a  much  smaller  dif- 
ference in  the  position  of  the  Moon's  figure,  namely,  the 
obliquity  of  the  axis  to  the  plane  of  the  orbit.*     It  de- 

*  Hie  axil  round  watch  the  rotation  «f  the  Horn  it  prrfttiwd  is 

wlined  to  the  pbne  of  the  esttpuc  m  an  angle  of  as,^°,  uid  it  i»  js> 
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viaies  about  1  of  S  degrees  from  the  perpeirdrcular,  and  H 
firmly  retains  this  obliquity  of  portion ;  and  no  observer 
tioa  can  discover  any  deviation  from  perfect  parallelism  of 
the  axis  in  all  situations.  It  surely  requires  much  leas' 
action  of  the  directing  force  to  produce  this  change  in  the1 
position  of  the  axis,  than  to  overcome  even  a  very  small 
difference  in  angular  motion,  because  this  last  difference 
accumulates,  and  makes  a  great  difference  of  longitude. 

These  considerations  seem  to  prove,  that  the  constant 
appearance  of  one-  and  the  same  part  of  the  Moon's  sur- 
face has  not  been  produced  by  the  cause  suspected  by 
Newton.  The  coincidence  has  more  probably  been  origi- 
nal. We  have  no  reason  to  doubt,  that  the  same  consum- 
mate skill  that  is  manifest  m  every  part  of  the  system,  in 
which  every  thing  has  an  accurate  adjustment,  pondere  ti 
astfwws,  also  made  the  primitive  revolution  rotation  of 
the  festoon  that  which  we  now  behold  and  admire.  The 
numifeet  subserviency  to  great  and  good  purposes,  in  every 
thing  that  we  In  some  measure  understand,  leaves  us  no 
room  to  imagine  that  tins  adjustment  of  the  lunar  motions 
is  act  equally  proper. 

dfift.  Philosophers  have  speculated  about  the  nature  of 
that  body  of  faintly  shining  matter  in  which  the  Sun  seems 
intnergnt,  and  is  called  the  sodincat  light,  because  it  He* 
in  the  todiac.  It  is  rarely  perceptible  in  this  climate,  yet 
may  ■Qtaetuses  be  seen  in  oeiear  night  in  February  am* 
March,  appearing  in  the  west,  a  little  to  the  north  of  where 
the  Sua  ral,  tike  a  beam  of  faint  yellowish  grey  light, 
slanting  toward  the  north,  and  extending,  in  a  pomtsd'  or 
leaf  shape,  about  eight  or  ten  degrees.     The  appearance  is 


Uked  to  the  pkoc  of  the  law  orbit  52l.  It  k  aunjn  tfMMM  fhj 
the  plane  pawing  through  the  aeles  of  the-eefiatic  knd  of  tie  laaar 
orbit.  It  therefore  deviates  about  l£  from  the  axis  of  the  ecliptic, 
ud  f  from  that  of  the  Moon's  orbit.  The  defending  node  of  tbe 
M(wnv>  equator  eotneUtek  with  the  attending  node  of  her  orbit. 


^Google 


870  PHYSICAL  ABTBOXOMY. 

nearly  what  would  be  exhibited  by  a  shining  or  reflecting 
atmosphere  surrounding  the  Sun,  and  extending,  in  the 
plane  of  the  ecliptic,  at  least  as  far  as  the  orbit  of  Mer- 
cury, but  of  email  thickness,  the  whole  being  flat  like  a 
cake  or  disk,  whose  breadth  is  at  least  ten  times  its  thick- 
neat  in  the  middle. 

This  has  been  the  subject  of  speculation  to  the  mechani- 
cal philosophers.  It  is  something  connected  with  the  Sua. 
We  have  no  knowledge  of  any  connecting  principle  but 
gravitation.  But  simple  gravitation  would  gather  this  at- 
mosphere into  a  globular  shape,  whereas  it  is  a  very  oblate 
disk  or  lens.  Gravitation,  combined  with  a  proper  revo- 
lution of  the  particles  round  the  Sun,  might,  throw  the  va- 
pour into  this  form ;  and  the  object  of  the  speculation  is 
to  assign  the  rotation  that  is  suitable  to  it. ,  If  the  zo- 
diacal light  be  produced  by  the  reflection  of  an  atmosphere 
that  is  retained  by  gravity  alone,  without  any  mutual  ad- 
hesion of  its  particles,  it  cannot  have  the  form  that  we  ob- 
serve. The  greatest  proportion  that  the  equatorial  dia- 
meter can  have  to  the  polar  is  that  of  3  to  2;  for,  beyond 
that,  the  centrifugal  force  would  more,  than  balance  its  gra- 
vitation, and  it  would  dissipate.  A  very  strong  adhesion 
is  necessary  for  giving  to  oblate  a  form  as  we  observe  in 
the  zodiacal  light  Combined  with  this,  it  may  indeed  ex- 
pand to  any  degree,  by  rapidly  whirling  about,  as  we  tee 
hi  the  manufacture  of  crown-glass.  But  how  is  this  whirl., 
ing  given  to  the  solar  atmosphere  F  It  may  get  k  by:  the 
mere  action  of  the  surface,  of  the  Sim,  in  the  .manner  de- 
scribed by  Newton  in  his  account  of  the  production  of  the 
Cartesian  vortices.  The  surface  drags  round  what  is  m 
contact  with  it  This  stratum  acts  on  the  next,  and  com- 
municates to  it  part  of  its  own  motion.  This  goes  on  from 
stratum  to  stratum,  till  the  outermost  stratum  begins  to 
move  also.  All  this  while,  each  interior  stratum  is  circu- 
lating more  swiftly  than  the'  one  immediately  without  it. 
Therefore  they  are  still  acting  on  one  another.     It  is  very 
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evident  that  a  permanent  state  is  not  acquired,  till  all  turn 
round  in  the  same  time  with  the  Sun's  body.  This  cir- 
cumstance limits  the  possible  expansion  of  an  atmosphere 
that  does  not  cohere.  It  cannot  exceed  the  orbit  of  a  pla- 
net which  would  revolve  round  the  Sun  in  that  time.  But 
the  zodiacal  light  extends  much  farther.  ,    . 

The  discoveries  of  Dr  Herschel  on  the  surface  of  the 
Sun,  if  confirmed  by  future  observation,  render  this  pro- 
duction of  the  zodiacal  light  inconceivable.  For  motions 
and  changes  are  observed  there,  which  shew  a  perfect 
freedom,  not  constrained  by  the  adhesion  of  any  superior 
strata.  This  would  give  a  constant  westerly  motion  on  the 
surface  of  the  Sun. 

The  difficulty  in  accounting  for  this  phenomenon,  is 
greatly  increased  by  the  fact  that  when  a  comet  passes  ' 
through  this  atmosphere,  the  tail  of  the  comet  is  not  per-, 
ceptibly  affected  by  it.  The  comet  of  1748  gave  a  very, 
good  opportunity  of  observing  this.  It  was  not  attended 
to;  but  the  descriptions  that  are  given  of  the.  appearances 
of  that  comet  shew  clearly  that  the  tail  was  (as  usual) 
directed,  almost  straight  upward  from  the  Sun,  and  there-. 
fore  it  mixed  with  this  vapour,  or  whatever  it  may  be, 
without  any  mutual  disturbance.  ■  - 

It  appears,  therefore,  on  the  whole,  that  we  are  yet  ig- 
norant of  the  nature  and  mechanism  of  the  zodiacal  light. 

i  864.  Before  concluding  this  subject,  it  is  not  improper 
to  take  some  notice  of  an  observation  to  which  great  im- 
portance has.  been  attached  by  a  certain  class  of  philoso- 
phers. We  shall,  find  it  demonstrated  in  its  proper  place, 
that  when  the  force  which  impels  a  firm  body  forward,  acta 
in  a  direction  which  passes  through  its  centre  of  gravity,  it, 
merely  impels  it  forward.  The  body  moves  in  that  direc- 
tion, and  every  particle  moves  alike,  so  tha^  during*, its 
progress,  the  body  preserves  the  same  attitude  («o  .to. 
•peak).  Taking  any  tranverse,  line  of  thebedy.  for  a  dia- 
meter,  we  express  the  circumstance,  by  saying,  that  this 
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diameter  keeps  parallel  to  itself,  that  is,  allits  successive 
positions  are  parallel  to  its  first  position.  But,  when  the 
moving  force  acts  In  a  line  which  passes  oh  one  side  of  the 
Centre  of  the  body,  the  body  not  only  advances  in  the  oV 
rectum  of  the  force,  but  also  changes  its  attitude,  by  turn* 
big  round  an  axis.  This  la  easily  seen  and  understood  in 
some  simple  cases.  Thus,  if  a  beam  of  timber,  floating  on 
water,  be  pushed  or  pulled  m  the  middle,  at  right  angles 
to  its  length,  it  will  move  in  that  direction,  keeping  paral- 
lel to  its  first  position. '  But,  if  it  be  pushed  or  pulled  in 
the  some  direction,  applying  the  force  to  a  point  situated 
at  the  third  of  its  length,  that  end  is  most  affected  (as  we" 
shall  see  fully  demonstrated)  and  advances  fastest,  while* 
the  remote  end  is  left  a  little  behind.  In  this  particular 
case,  the  initial  motion  of  all  the  parts  of  the  beam  is  the 
same  as  if  the  remote  end  were  held  fast  for  an  instant.  If 
die  impulse  has  been  nearer  to  one  end  than  £  of  the 
length,  the  remote  end  will,  in  ihejint  butant,  even  mow 
a  little  backward.  We  shall  be  able  to  state  precisely  the 
relation  that  will  be  observed  between  the  progressive  mo- 
tion and  the  rotation,  and  to  say  how  far  the  centre  of  the 
body  will  proceed  while  it  makes  one  turn  round  the  axis. 
We  shall  demonstrate  that  this  axis,  round  which  the  body 
turns,  always  passes  through  its  centre  of  gravity  in  a  cer- 
tain determined  direction.  '■ 
It  very  rarely  happens  that  the  direction  of  -tide  impel- 
ling force  passes  exactly  through  the  centre  of  a  body ;  and? 
accordingly  we  very  rarely  observe  a  body  moving  Forward 
in  free  space  without  rotation.  A  stone  thrown  from  the 
band  never  does.  A  bomb-shell,  or  a'ctonon-bune^  has 
commonly  a  Very  rapid  motion  of  rotation,  wliieh  greatly 
deranges  its  intended  direction.  ■  - 
'  The  speculative  philosophers,  who  wish  to  explain  all 
the  celestial  motions  mechanically,  think  that  they  explain 
the  rotation  of  the  planets,  and  all  the  phenomena  depend- 
ing on  it,  by  saying,  that  one  and  the  same  force  produced 
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tbe  revolution  round  the  Sun,  and  the  rotation  round  the 
axis ;  and  produced  those  motions,  because  the  direction  of 
the  primitive  impulse  did  not  P**8  precisely  through  the 
centre  of  tbe  planet-  They  even  shew,  by  calculation,  the 
distance  between  the  centre  and  the  line  of  direction  of  the 
impelling  force.  Thus,  they  shew,  that  the  point  of  im- 
pulsion on  this  Earth  is  distant  from  its  centre  TIT  of  its 
diameter. 

Having  thus  accounted,  as  they  imagine,  for  the  Earth 's 
rotation,  they  say  that  this  rotation  causes  the  Earth  to 
swell  out  all  around  the  equator,  and  they  assign  the  pre- 
cise eccentricity  that  the  spheroid  must  acquire.  They  then 
shew,  that  the  action  of  tbe  Sun  and  Moon  on  this  equa- 
torial protuberance  deranges  the  rotation,  so  that  the  axis 
does  not  remain  parallel  to  itself,  and  produces  the  pheno- 
menon called  the  precession  of  the  equinoxes.  And  thus 
all  is  explained  mechanically.  And  on  this  explanation  a 
conjecture  is  founded,  which  leads  to  very  magnificent  con- 
ceptions of  the  visible  universe.  The  Sun  turns  round  an 
axis.  Analogy  Should  lead  us  to  ascribe  this  to  the  same 
cause — to  the  action  of  a  force  whose  direction  does  not 
pass  through  his  centre.  If  so,  the  Sun  has  also  a  progres- 
sive motion  through  the  boundless  space,  carrying  all  tbe 
planets  and  comets  along  with  him,  just  as  we  observe  Ju- 
piter and  Saturn  carrying  their  satellites  round  their  annual 
orbits. 

This  is,  for  the  most  part,  perfectly  just  A  planet 
turns  round  its  axis  and  advances ;  and,  therefore,  the  force 
which  results  from  the  actual  composition  yfaU  t/te  forces 
which  co-operated  in  producing  both  motions,  does  not  pass 
through  the  centre  of  the  planet,  but  precisely  at  the  dis^ 
tance  assigned  by  these  gentlemen.  But  there  is  nothing 
of  explanation  in  all  this.  From  the  manner  in  which  the 
remark  and  its  application  are  made,  we  are  misled  in  our 
conception  of  the  fact,  and  the  imagination  immediately 
suggests  a  tingle  force,  such  as  we  are  accustomed  to  apply 
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in  our  operations,  acting  in  one  precise  line,  and,  there- 
fore, an  one  point  of  the  body.  It  is  this  simplification  of 
conception  alone  which  gives  the  remark  the  appearance 
of  explanation.  A  mathematician  may  thus  give  an  expla- 
nation of  a  first-rate  ship  of  war  turning  to  windward,  by 
shewing  how  a  rope  may  be  attached  to  the  ship,  and  how 
this  rope  may  be  pulled,  so  as  to  make  her  describe  the 
very  line  she  moves  in.  But  the  seaman  knows  that  this 
is  no  explanation,  and  that  he  produced  this  motion  of  the 
ship  by  various  manoeuvres  of  the  sails  and  rudder.  The 
only  explanation  that  could  be  given,  corresponding  to  the 
natural  suggestion  by  this  remark,  would  be  the  shewing 
some  general  fact  in  the  system,  in  which  this  single 
force  may  be  found  that  must  thus  impel  the  planets  ec- 
centrically, and  thus  urge  them  into  revolution  and  rota- 
tion at  once,  as  they  would  be  urged  by  a  stroke  from  some 
other  planet  or  comet.  With  respect  to  this  Earth,  there 
is  not  the  least  appearance  of  the  effect  which  must  have 
been  produced  on  it,  had  it  been  urged  into  motion  by  a 
single  force  applied  to  one  point.  The  force  has  been  ap- 
plied alike  to  every  particle ;  there  is  no  appearance  of  any 
such  general  force  competent  to  the  production  of  such 
motions.  Nay,  did  we  clearly  perceive  the  existence  of  such 
a  force,  we  should  be  as  far  from  an  explanation  as  ever. 
It  is  not  enough  that  Jupiter  receives  an  impulse  which 
impresses  both  the  progressive  and  rotative  motion.  His 
four  satellites  must  receive,  each  separately,  an  impulse  of 
a  certain  precise  intensity,  and  in  a  certain  precise  direction, 
very  different  in  each,  and  which  cannot  be  deduced  from 
any  thing  that  we  know  of  matter  and  motion.  No  prin- 
ciple of  general  influence  has  been  contrived  by  the  zealous 
patrons  of  this  system  (for  it  is  a  system)  that  gives  the 
smallest  satisfaction  even  to  themselves,  and  they  are 
obliged  to  rest  satisfied  with  expressing  their  hopes  that  it 
may  yet  be  accomplished. 

Hut  suppose  that  an  expert  mechanician  should  shew 
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how  the  planets,  satellites,  and  comets,  may  be  so  placed 
that  an  impulse  may  at  once  be  given  to  them  all,  precisely 
competent  to  the  production  of  the  very  motions  that  we 
observe,  which  motions  will  now  be  maintained  for  ever  by 
the  universal  operation  of  gravity,  we  should  certainly 
admire  his  sagacity  and  his  knowledge  of  nature.  But  we 
soil  wonder  as  much  as  ever  at  the  nice  adjustment  of  all 
this  to  ends  which  have  evidently  all  the  excellence  that 
order  and  symmetry  can  give,  while  many  of  them  are  in- 
dispensably subservient  to  purposes  which  we  cannot  help 
thinking  good.  The  suggestion  of  purpose  and  final  causes 
is  as  strong  as  ever.  It  is  no  more  eluded  than  it  would 
be,  should  any  man  perfectly  explain  the  making  of  a 
watch  wheel,  by  shewing  that  it  was  the  necessary  result 
of  the  shape  and  hardness  of  the  files  and  drills  and  chisels 
employed,  and  the  intensity  and  direction  of  the  forces  by 
which  those  tools  were  moved ;  and  having  done  all  this, 
should  say  that  he  had  accounted  for  the  nice  and  suitable 
form  of  the  wheel  as  part  of  a  watch.  And,  with  respect 
to  the  subsequent  oblate  form  of  the  planet  set  in  rotation, 
the  mechanical  explanation  of  this  is  incompatible  with  the 
supposition  that  the  revolution  and  rotation  are  the  effects 
of  one  simple  force.  The  oblate  form,  if  acquired  by  ro- 
tation, requires  primitive  fluidity,  which  is  incompatible 
with  the  operation  af  one  simple  force  as  the  primitive 
mover.  There  is  no  proof  whatever  that  this  Earth  was 
originally  fluid ;  it  is  not  nearly  so  oblate  as  primitive 
fluidity  requires ;  yet  its  form  is  so  nicely  adjusted  to  its 
rotation,  that  the  thin  film  of  water  on  it  is  distributed 
with  perfect  uniformity.  We  are  obliged  to  grant  that  a 
form  has  been  originally  given  it  suitable  to  its  destina- 
tion, and  we  enjoy  the  advantages  of  this  exquisite  adjust- 
ment 

I  acknowledge  that  the  influence  of  final  causes  has  been 
frequently  and  egregiously  misapplied,  and  that  these 
ignorant  and  precipitate  attempts  to  explain  phenomena,  or 
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to  account  for  them,  and  even  sometimes  to  authenticate 
tbem,  have  certain! y  obstructed  the  progress  of  true  science. 
But  what  gift  of  God  has  not  been  thus  abused  ?  A  true 
philosopher  will  never  be  so  regardless  of  logic  at  to  ad- 
duce final  causes  as  arguments  for  the  reality  of  any  fact ; 
but  neither  will  he  nave  such  a  horror  at  the  appearances  of 
wisdom,  as  to  shun  looking  at  them.  And  we  apprehend, 
that  unless  some 

'  Frigidus  obslelirit  dream  pr&cordia  sanguis, 
it  is  not  in  any  man's  power  to  hinder  himself  from  per- 
ceiving and  wondering  at  them.     Surety 

'  To  look  ihrd  nature  up  to  Nature's  God,'' 
cannot  be  an  unpleasant  task  to  a  heart  endowed  with  an 
ordinary  share  of  sensibility ;  and  the  face  of  nature,  ex- 
pressing the  Supreme  Mind  which  gives  animation  to  its 
features,  is  an  object  more  pleasing  than  the  mere  work- 
ings of  blind  matter  and  motion. 

But  enough  of  this. — We  shall  close  this  subject  of 
planetary  figures  by  slightly  noticing,  for  the  present,  a 
consequence  of  the  oblate  form  perceptible  in  all  the  pla- 
nets which  tum  round  their  axes ;  in  the  explanation  of 
which  the  penetration  of  Newton's  intellect  is  eminently 
conspicuous. ' 

365.  In  sec  389,  and  several  fallowing  paragraphs,  we 
explained  the  effects  arising  from  the  inclination  of  the 
Moon's  orbit  round  the  Earth  to  the  plane  of  the  Earth's 
orbit  round  the  Sun,  We  saw,  for  example,  that  when 
the  intersection  of  the  two  planes  U  in  the  line  A  B  (Fig. 
-36.)  -of  quadrature,  the  Moan  is  perpetually  drawn  out  of 
that  plane,  and  her  path  is  continually  bent  down  toward 
the  ecliptic,  during  her  moving  along  the  semicircle  ACB, 
and  she  describes  another  path  Acb,  crossing  the  ecliptic 
in  o,  nearer  to  A  than  B  is.  In  the  other  half  of  her 
orbit,  the  same  deviation  is  continued,  and  the  Moon  again 
crosses  the  ecliptic  before  she  come  to  A,  crosses  her  last 
path  near  to  c,  and  the  ecliptic  a  third  tine  at  d,  and  so 
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on  continually.  Hence  arises  the  retrograde  motion  of  the 
nodes  of  the  lunar  orbit  We  shewed  that  this  obtains,  in 
a  greater  or  less  degree,  in  every  position  of  the  nodes,  ex- 
cept when  they  are  in  the  tine  of  syzigy . 

What  is  true  of  one  Moon  would  be  true  of  any  num- 
ber :  It  would  be  true,  were  there  a  complete  ring  of 
moons  surrounding  the  Earth,  not  adhering  to  one  another. 
We  saw  that  the  inclination  of  the  orbit  is  continually 
changing,  being  greatest  when  the  nodes  are  in  the  line  of 
the  syzigies,  and  smallest  when  they  are  in  quadrature. 
Now,  if  we  apply  this  to  a  ring  of  moons,  we  shall  find 
that  it  will  never  be  a  ring  that  is  all  in  one  plane,  except 
when  the  nodes  are  in  the  syzigies,  and  at  all  other  times 
will  be  warped  or  out  of  shape.  Now,  let  the  moons  all 
cohere,  and  the  ring  becomes  stiff;  and  let  this  happen 
when  its  nodes  are  in  ayzigy.  It  will  turn  round  without 
disturbance  of  this  sort.  But  this  position  of  the  nodes  of 
the  ring  soon  changes,  by  the  Sun's  change  of  relative 
situation,  and  now  all  the  derangements  begin  again.  The 
ring  can  no  longer  go  out  of  shape  or  warp,  because  we 
may  suppose  it  inflexible.  But,  as  in  the  course  of  any 
one  revolution  of  the  Moon  round  the  Earth,  the  inclina- 
tion of  the  orbit  would  either  be  increased,  on  the  whole, 
or  diminished,  on  the  whole,  and  the  nodes  would,  on  the 
whole,  recede,  this  effect  must  be  observed  in  the  ring. 
When  the  nodes  are  so  situated,  that,  in  the  course  of  one 
revolution  of  a  single  Moon,  the  inclination  will  be  more 
increased  m  one  part  than  it  is  diminished  in  another,  the 
opposite  actions  on  the  different  parts  of  a  coherent  and 
inflexible  ring  will  destroy  each  other,  as  far  as  they  are 
equal,  said  the  excess  only  will  be  perceived  on  the  whole 
ring.  Hence,  we  can  infer,  with  great  confidence,  that 
from  the  time  that  the  nodes  of  the  ring  are  in  syzigy  to 
the  time  they  are  in  quadrature,  the  inclination  of  the  ring 
of  moons  will  be  continually  diminishing ;  will  be  least  of 
all  when  the  Sun  is  in  quadrature  with  the  line  of  the 
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nodes;  and  will  increase  to  a  maximum,  when  the  Sun 
again  gets  into  the  line  of  the  nodes,  that  is,  when 
the  nodes  are  in  the  line  of  the  syzigies.  But  the  inertia 
of  the  ring  trill  cause  it  to  continue  any  motion  that  is  ac- 
cumulated in  it  till  it  be  destroyed  by  contrary  forces. 
Hence,  the  times  of  the  maximum  and  minimum  of  in- 
clination will  be  considerably  different  from  what  is  now 
stated.     This  will  be  attended  to  by  and  by. 

For  the  same  reason,  the  nodes  of  the  ring  will  continu- 
ally recede;  and  this  retrograde  motion  will  be  most  re- 
markable when  the  nodes  are  in  quadrature,  or  the  Sun  in 
quadrature  with  the  line  of  the  nodes ;  and  will  gradually 
become  less  remarkable,  as  the  nodes  approach  the  line  of 
the  syzigies,  where  the  retrograde  motion  will  the  least 
possible,  or  rather  ceases  altogether. 

All  these  things  may  be  distinctly  perceived,  by  steadily 
considering  the  manner  of  acting  of  the  disturbing  force. 
This  steady  contemplation,  however,  is  necessary,  as  some 
of  the  effects  are  very  unexpected. 

Suppose  now  that  this  ring  contracts  in  its  dimensions. 
The  disturbing  force,  and  all  its  effects,  must  diminish  in 
the  same  proportion  as  the  diameter  of  the  ring  diminishes. 
But  they  will  continue  the  same  in  kind  as  before.  The 
inclination  will  increase  till  the  Sun  comes  into  the  line  of 
the  nodes,  and  diminish  till  he  gets  into  quadrature  with 
them.  Suppose  the  ring  to  contract  till  almost  in  contact 
with  the  Earth's  surface.  The  recess  of  the  nodes,  instead 
of  being  almost  three  degrees  in  a  month,  will  now  be  only 
three  minutes,  and  the  change  of  inclination  in  three  months 
will  now  be  only  about  five  seconds. 

Suppose  the  ring  to  contract  still  more,  and  to  cohere 
with  the  Earth.  This  will  make  a  great  change.  The  ten- 
dency of  the  ring  to  change  its  inclination,  and  to  change  its 
intersection  with  the  ecliptic,  still  continues.  But  it  can- 
not now  produce  the  effect,  without  dragging  with  it  the 
whole  mass  of  the  Earth.     But  the  Earth  is  at  perfect 
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liberty  in  empty  space,  and  being  retained  by  nothing, 
yields  to  every  impulse,  and  therefore  yields  to  this  action 
of  the  ring. 

Now,  there  is  such  a  ring  surrounding  the  Earth,  hav- 
ing precisely  this  tendency.  The  Earth  may  be  consider- 
ed as  a  sphere,  on  which  there  is  spread  a  quantity  of  re- 
dundant matter  which  makes  it  spheroidal.  The  gravita- 
tion of  this  redundant  matter  to  the  Sun  sustains  all  those 
disturbing  forces  which  act  on  the  inflexible  ring  of  moons ; 
and  it  will  be  proved,  in  its  proper  place,  that  the  effect  in 
changing  the  position  of  the  globe  is  }  of  what  it  would  he, 
if  all  this  redundant  matter  were  accumulated  on  the  equa- 
tor. It  will  also  appear,  that  the  force  by  which  every 
particle  of  it  is  urged  to  or  from  the  plane  of  the  ecliptic, 
is  as  its  distance  from  that  plane.  Indeed,  this  appears  al- 
ready, because  all  the  disturbing  forces  acting  on  the  par- 
ticles of  this  ring  ore  similar,  both  in  direction  and  propor- 
tion, to  those  which  we  shewed  to  influence  the  Moon  in  the 
similar  situations  of  her  monthly  course  round  the  Earth. 
Similar  effects  will  therefore  be  produced. 

Let  us  now  see  what  those  effects  will  be.— The  lunar 
nodes  continually  recede ;  so  will  the  nodes  of  this  equato- 
rial ring,  that  is,  so  will  the  nodes  of  the  equator,  or  its  in-. 
tersection  with  the  ecliptic  But  the  intersections  of  the 
equator  with  the  ecliptic  are  what  we  call  the  EquinoctU. 
Points;  The  plane  of  the  Earth's  equator,  being  produced 
to  the  starry  heavens,  intersects  that  seemingly  concave 
sphere  in  a  great  circle,  which  may  be  traced  out  among  the 
stars,  and  marked  on  a  celestial  globe.  Did  the  Earth's 
equator  always  keep  the  same  position,  this  circle  of  the 
heavens  would  always  pass  through  the  same  stars,  and  cut 
the  ecliptic  in  the  same  two  opposite  points.  When  the  Sun 
comes  to  one  of  those  points,  the  Earth  turning  round  under 
him,  every  point  of  its  equator  has  him  in  the  zenith  in 
succession ;  and  all  the  inhabitants  of  the  Earth  see  him 
rise  and  set  due  east  and  west,  and  have  the  day  and  night 
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of  the  some  length.  But  in  the  course  of  ft  year,  the  action 
of  the  Sun  on  the  protuberance  of  our  equator  deranges  it 
from  its  former  position,  in  such  a  manner  that  each  of  its 
intersections  with  the  ecliptic  is  a  little  to  the  westward  of 
Its  former  place  in  the  ecliptic,  so  that  the  Sun  comes  to 
the  intersection  about  20'  before  he  reaches  the  intersection 
of  the  preceding  year.  This  anticipation  of  the  equal  divi- 
sion of  day  and  night  is  therefore  called  the  fbeckssioN  of 

•     THE  KQUINOXES. 

The  axis  of  diurnal  revolution  is  perpendicular  to  the 
plane  of  the  equator,  and  must  therefore  change  its  position 
also.  If  the  inclination  of  the  equator  to  the  ecliptic  were 
always  the  same  (2Si  degrees),  the  pole  of  the  diurnal  re- 
volution of  the  heavens  (that  is,  the  point  of  the  heavens  in 
which  the  Earth's  axis  would  meet  the  concave)  would  keep 
at  the  same  distance  of  2&i  degrees  from  the  pole  ef  the 
ecliptic,  and  would  therefore  always  be  found  in  the  cir- 
cumference of  a  circle,  of  which  the  pole  of  the  ecliptic  is 
the  centre.  The  meridian  which  passes  through  the  poles 
of  the  ecliptic  and  equator  must  always  be  perpendicular  to 
the  meridian  which  passes  through  the  equinoctial  points, 
and  therefore,  as  these  shift  to  the  westward,  the  pole  of  the 
equator  must  also  shift  to  the  westward,  on  the  circum- 
ference of  the  circle  above-mentioned. 

But  we  have  seen  that  the  ring  of  redundant  matter  does, 
not  preserve  the  same  inclination  to  the  ecliptic.  It  is  most 
inclined  to  it  when  die  Sun  is  in  the  nodes,  and  smallest 
when  he  is  in  quadrature  with  respect  to  them.  Therefore 
the  obliquity  of  the  equator  and  ecliptic  should  be  greatest 
on  die  days  of  the  equinoxes,  and  smallest  when  the  Sun 
is  in  the  solstitial  points.  The  Earth's  axis  should  twice  in 
the  year  incline  downward  toward  the  ecliptic,  and  twice  in 
the  intervals,  should  raise  itself  up  again  to  its  greatest  ele- 
vation. 

Something  greatly  resembling  this  series  of  motions  may 
be  observed  in  a  child's  humming  top,  when  set  a  spinning 
on  its  pivot.     An  equatorial  circle  may  be  drawn  ou  this 
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top,  and  a  circular  hole,  a  little  bigger  than  the  top,  may 
be  eut  in  a  bit  of  stiff  paper.  When  the  top  is  spinning 
very  steadily,  let  the  paper  be  held  so  that  half  of  the  top 
is  above  it,  the  equator  almost  touching  the  side*  of  the 
hole.  When  the  whirling  motion  abates,  the  top  begins  to 
stagger  a  little.  Its  equator  no  longer  coincides  with  the 
rim  of  the  hole  in  the  paper,  but  intersects  it  in  two  oppo- 
site points.  These  intersections  will  be  observed  to  shift 
round  the  whole  circumference  of  the  hole,  as  the  axis  of 
the  top  veers  round.  The  axis  becomes  continually  more 
oblique,  without  any  periods  of  recovering  its  former  posi- 
tion, and,  in  this  respect  only  the  phenomena  differ  from 
those  of  the  precession. 

It  was  affirmed  that  the  obliquity  of  the  equator  is  great- 
est at  the  equinoxes,  and  smallest  at  the  solstices.  This 
would  be  the  case,  did  the  redundant  ring  instantly  attain 
the  position  which  makes  an  equilibrium  of  action.  But 
this  cannot  be ;  chiefly  for  this  reason,  that  it  must  drag 
along  with  it  the  whole  inscribed  sphere.  During  the  mo- 
tion from  the  equinox  to  die  next  solstice,  the  Earth's 
equator  has  been  urged  toward  the  ecliptic,  and  it  must  ap- 
proach it  with  an  accelerated  motion.  Suppose,  at  the  in- 
stant of  die  solstice,  all  action  of  the  Sun  to  cease ;  this 
motion  of  the  terrestrial  globe  would  not  cease,  but  would 
go  on  for  ever,  equably.  But  the  Sun's  action  continuing, 
and  now  tending  to  raise  the  equator  again  from  the  eclip- 
tic, it  chocks  the  contrary  motion  of  the  globe,  and,  at 
length,  annihilates  it  altogether ;  and  then  the  effect  of  the 
elevating  force  begins  to  appear,  and  the  equator  rises 
again  from  the  ecliptic.  When  the  Sun  is  in  the  equinox, 
the  elevation  of  the  equator  should  be  greatest ;  but  as  it  . 
arrived  at  this  position  with  an  accelerated  motion,  it  con- 
tinues to  rise  (with  a  retarded  motion)  till  the  continuance 
of  the  Sun's  depressing  foroe  puts  an  end  to  this  rising ; 
and  now  the  effect  of  the  depressing  force  begins  to  appear. 
For  these  reasons,  it  happens  that  the  greatest  obliquity  of 
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the  equator  to  the  ecliptic  is  not  on  the  days  of  the  equi- 
noxes, but  about  six  weeks  after,  viz.  about  the  first  of  May 
and  November ;  and  the  smallest  obliquity  is  not  at  mid- 
summer and  midwinter,  but  about  the  beginning  of  Febru- 
ary and  of  August. 

And  thus,  we  find  that  the  same  principle  of  universal 
gravitation,  which  produces  the  elliptical  motion  of  the 
planets,  the  inequalities  of  their  satellites,  and  determines 
the  shape  of  such  as  turn  round  their  axis,  also  explains 
this  most  remarkable  motion,  which  had  baffled  all  the  at- 
tempts of  philosophers  to  account  for— a  motion  which 
seemed  to  the  ancients  to  affect  the  whole  host  of  heaven ; 
and  when  Copernicus  shewed  that  it  was  only  an  appear- 
ance in  the  heavens,  and  proceeded  from  a  real  small  mo- 
tion of  the  Earth's  axis,  it  gave  him  more  trouble  to  con- 
ceive this  motion  with  distinctness,  than  all  the  others.  All 
these  things—- obvia  conspicimut  tmbem  pelknti  mathai. 

365.  Such  is  the  method  which  Sir  Isaac  Newton,  the 
sagacious  discoverer  of  this  mechanism,  has  taken  to  give  us 
a  notion  of  it.  Nothing  can  be  more*clear  and  ramiliar  in 
general.  He  has  even  subjected  his  explanation  to  the  se- 
vere task  of  calculation.  The  forces  are  known,  both  in 
quantity  and  direction.  Therefore  the  effects  must  be  such 
as  legitimately  flow  from  those  forces.  When  we  consider 
what  a  minute  portion  of  the  globe  is  acted  upon,  and  how 
much  inert  nutter  is  to  be  moved  by  the  force  which  affects 
so  small  a  portion,  we  must  expect  very  feeble  effects.  Ail 
the  change  that  the  action  of  the  Sun  produces  on  the  in- 
clination of  the  equator  amounts  only  to  the  fraction  of  a 
second,  and  is  therefore  quite  insensible.  The  change  in 
the  position  of  the  equinoxes  is  more  conspicuous,  because 
it  accumulates,  amounting  to  about  9"  annually,  by  New- 
ton's calculation.  We  shall  take  notice  of  this  calculation 
at  another  time,  and  at  present  shall  only  observe  that  this 
motion  of  tiK  equinox  is  but  a  small  part  of  the  precession 
actually  observed.    This  is  about  fiO£"  annually.    It  would 
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therefore  seem  that  the  theory  and  observation  do  not  agree, 
and  that  the  precession  of  the  equinoxes  is  by  no  means  ex- 
plained by  it. 

367-  It  must  be  remarked  that  we  have  only  given  an 
account  of  the  effect  resulting  from  the  unequal  gravitation 
of  the  terrestrial  matter  to  the  Sun.  But  it  gravitates  also 
to  the  Moon.  Moreover,  the  inequality  of  this  gravitation 
(on  which  inequality  the  disturbance  depends)  is  vastly 
greater.  The  Moon  being  almost  400  times  nearer  than 
the  Sun,  the  gravitation  to  a  pound  of  lunar  matter  is  al- 
most 640,000,000  times  greater  than  to  as  much  solar  mat- 
ter. When  the  calculation  is  made  from  proper  data,  (in 
which  Newton  was  considerably  mistaken)  the  effect  of  the 
lunar  action  must  very  considerably  exceed  that  of  the  Sun. 
He  was  mistaken,  in  respect  to  the  quantity  of  matter  in 
the  Sun  and  in  the  Moon.  The  transit  of  Venus,  and  the 
observations  which  have  been  made  on  the  tides,  have 
brought  us  much  nearer  the  truth  in  both  these  respects. 
When  the  calculation  is  made  on  such  assumptions  of  the 
matter  in  the  Sun  and  Moon  as  are  best  supported  by  ob- 
servation, we  find  that  the  annual  precession  occasioned  by 
the  Sun's  action  on  the  equatorial  protuberance  is  about 
14"  or  15",  and  that  produced  by  the  Moon  is  about  35". 
The  precession  really  observed  is  about  50",  and  the  agree- 
ment is  abundantly  exact.  Itmustbefartherremarked,that 
this  agreement  is  no  longer  inferred  from  a  due  proportion- 
ing of  the  whole  observed  precession  between  the  Sun  and 
the  Moon,  as  we  were  formerly  obliged  to  do ;  but  each 
share  is  an  independent  thing,  calculated  without  any  re- 
ference to  the  whole  precession.  It  is  thus  only  that  the 
phenomenon  may  be  affirmed  to  be  truly  explained. 

368.  For  this  demonstration  we  are  indebted  to  Dr  Brad- 
ley. His  discovery  of  what  is  now  called  the  mutation  of 
the  Earth's  axis,  gave  us  a  precise  measure  of  the  lunar, 
action  which  removed  every  doubt  It  therefore  must  be 
considered  here. 
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The  action  of  the  luminaries  on  the  Earth's  equator,  by 
•which  the  position  of  it  is  deranged,  depends  on  the  magni- 
tude of  the  angle  which  the  equator  makes  with  the  line 
joining  the  Earth  with  the  disturbing  body.  The  Sun  is 
never  more  than  £S£  degrees  from  the  equator.  But  when 
the  Moon's  ascending  node  is  in  the  vernal  equinox,  she 
may  deviate  nearly  29  degrees  from  it.  And  when  the  node 
is  in  the  autumnal  equinox,  she  cannot  go  more  than  17 
degrees  from  it  Thus,  the  action  of  the  sun  is,  from  year 
to  year,  the  same.  But  as,  in  19  years,  the  Moon's  nodes 
take  all  situations,  the  action  of  the  Moon  is  very  variable. 
It  was  one  of  the  effects  of  this  variation  that  Bradley  dis- 
covered. While  the  Earth's  equator  continued  to  open  far- 
ther and  farther  from  the  line  joining  the  Earth  with  the 
Moon,  the  axis  of  the  Earth  was  gradually  depressed  to- 
wards the  ecliptic,  and  the  diminution  of  its  inclination  at 
last  amounted  to  18  seconds.  Dr  Bradley  saw  this  by  its 
increasing  the  declination  of  a  star  properly  situated.  Af- 
ter nine  yean,  when  the  Moon  was  in  such  a  situation  that 
she  never  went  more  than  17°  from  the  Earth's  equator, 
the  same  star  had  18"  less  declination. 

369.  This  change  in  the  inclination  of  the  Earth's  equa- 
tor is  accompanied  with  a  change  in  the  precession  of  the 
equinoxes.  This  must  increase  as  the  equator  is  more  open 
when  viewed  from  the  Moon.  In  the  year  in  which  the 
lunar  ascending  node  is  in  the  vicinity  of  the  vernal  equinox, 
die  precession  is  more  than  SB" ;  and  it  is  but  43"  when 
the  node  is  near  the  autumnal  equinox.  These  are  very 
conspicuous  changes,  and  of  easy  observation,  although  long 
unnoticed,  while  blended  with  other  anomalies  equally  un- 
known. 

Few  discoveries  in  astronomy  have  been  of  more  service 
to  die  science  than  this  of  the  nutation,  and  that  of  aberra- 
tion, both  by  Dr  Bradley.  For  till  they  were  known,  there 
was  an  anomaly,  which  might  sometimes  amount  to  58" 
(the  sum  of  nutation  and  aberration),  and  affected  every 
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motion  and  every  observation.  No  theory  of  any  planet 
could  be  freed  from  this  uncertainty.  But  now,  we  can 
give  to  every  phenomenon  its  own  proper  motions,  with,  ail 
the  accuracy  that  modern  instruments  can  attain.  Without 
these  two  discoveries,  we  could  not  have  brought  the  solu- 
tion of  the  great  nautical  problem  of  the  longitude  to  any 
degree  of  perfection,  because  we  could  not  render  either 
the  solar  or  lunar  tables  perfect.  The  changes  in  the  posi- 
tion of  the  Earth's  axis  by  nutation,  and  the  concomitant 
equation  of  the  precession,  by  recurring  in  the  most  regular 
manner,  have  given  us  the  most  exact  measure  of  (be 
changes  in  the  Moon's  action  -,  and  therefore  gave  an  incon- 
trovertible measure  of  ber  whole  action,  because  the  pro- 
portion between  the  variation  and  the  whole  action  was  dis- 
tinctly known. 

This  not  only  completes  the  practical  solution  of  the  pro- 
blem, but  gives  the  most  unquestionable  proof  of  the  sound- 
neasof  the  theory,  shewing  that  the  oblate'fcrm  of- the 
Earth  is  the  cause  of  this  nutation  of  its  axis,  and  establish- 
ing the  universal  and  mutual  attraction  of  all  matter,  i  It 
shews  with  what  confidence  we  may  proceed,  in  following 
this  law  of  gravitation  into  all  its  eonasquenees,  and  that  we 
may  predict,  without  any  chance  of  mistake,  what  will  be 
the  effect  of  any  combination  of  circumstances  that  can  be 
mentioned.  And  it  surely  shews,  in  the  most  conspicuous 
manner,  the  penetration  and  sagacity  of  Newton,  who  gave 
encouragement  to  a  surmise  so  singular  and  so  unlike  all 
the  usual  questions  of  progressive  motion,  even  in  all  their 
varietiea.  Yet  this  most  recondite  and  delicate  speculation 
was  one  of  his  early  thoughts,  and  is  one  of  the  twelve 
propositions  which  he  read  to  the  Royal  Society. 

370.  It  must  be  acknowledged,  however,  that  this  manner 
of  exhibiting  the  theory  of  the  precession  of  the  equinoxes 
is  not  complete,  or  even  accurate  in  the  selection  of  the 
physical  circumstances  on  which  the  proof  proceeds.  It 
is  merely  a  popular  way  of  leading  the  mind  to  the  view  of 


(DvGoOglc 


SS6  PHYSICAL  ASTRONOMY. 

actions,  which  are  indeed  of  the  same  kind  with  those  actu- 
ally concurring  in  the  production  of  the  effect.  But  it  is 
not  a  narration  of  the  real  actions.  Nor  are  the  effects  of 
those  that  are  employed  estimated  according  to  their  real 
manner  of  acting.  The  whole  is  rather  a  shrewd  guess,  in 
which  Newton's  great  penetration  enabled  him  to  catch  at  a 
very  remote  analogy  between  the  libration  of  the  Moon  and 
die  wavering  motion  of  the  Earth's  axis.  We  are  not  in  a 
condition,  in  this  part  of  the  course,  to  treat  this  question 
in  the  proper  manner.  We  must  first  understand  the  pro. 
perties  of  the  lever  as  a  mechanical  power,  and  the  opera- 
tion of  the  connecting  forces  of  firm  or  rigid  bodies.  What 
we  have  said  will  suffice  however  for  giving  a  distinct 
enough  conception  of  the  general  effects  of  the  action  of 
remote  bodies  on  a  spheroidal  planet  turning  round  its  axis.* 
It  is  scarcely  necessary  to  add  that  the  other  planets  can- 
not sensibly  influence  the  motion  of  the  Earth's  axis.  Their 
accumulated  action  may  add  about  J  of  a  second  to  the  an* 
nual  precession  of  the  equinoxes. 

The  planets  Mars,  Jupiter,  and  Saturn,  being  vastly 
more  oblate  than  the  Earth,  must  be  more  exposed  to  this 
derangement  of  the  rotative  motion.  Jupiter  and  Saturn, 
having  so  many  satellites,  which  take  various  positions 
round  the  planet,  the  problem  becomes  immensely  compli- 
cated.    But  the  small  inclination  of  the  equator,  and  the 


*  To  those  who  wish  to  study  this  very  curious  and  difficult  pro- 
blem, I  should  recommend  the  solution  givrai  by  Frisius  in  tlia  second 
part  of  his  Coamographia,  as  the  most  perspicuous  of  any  tost  I  am 
acquainted  with.  The  elaborate  performance  of  Mr  Walmealey,  Euler, 
D'AIembert,  and  La  Grange,  are  accessible  only  to  expert  analysts. 
The  essay  by  T.  Simpson,  in  the  Philosophical  Transactions,  vol.  £0, 
p.  410,  is  remarkable  for  its  simplicity,  but,  by  employing  the  symbo- 
lical or  algebraic  analysis,  the  student  is  not  so  much  aided  by  the 
constant  acoompaniiuent  of  physical  ideas,  at  in  the  geometrical  me- 
thod of  Frisuw. 
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great  mass  of  the  planet,  and  its  very  rapid  rotation,  must 
greatly  diminish  the  effect  we  are  now  considering.  Mara, 
being  small,  turning  slowly,  and  yet  being  very  oblate,  must 
sustain  a  greater  degree  of  this  derangement ;  and  if  Man 
had  a  satellite,  we  might  expect  such  a  change  in  the  posi- 
.    tion  of  his  axis  as  should  become  very  sensible,  even  at  this 


The  ring  of  Saturn  must  be  subject  to  similar  disturb- 
ances, and  must  have  a  retrogradaiion  of  its  intersection 
with  the  plane  of  the  orbit  Had  we  nothing  to  consider 
but  the  ring  itself,  it  would  be  a  very  easy  problem  to  de- 
termine the  motion  of  its  nodes.  But  the  proximity,  and 
the  oblate  form,  of  the  planet,  and,  above  all,  the  compli- 
cated action  of  the  satellites,  make  it  next  to  unmanageable. 
It  has  not  been  attempted,  that  I  know  of.  It  may  (I 
think)  be  deduced,  from  the  Greenwich  observations  since 
1750,  that  the  nodes  retreat  on  the  orbit  of  Saturn  about 
34'  or  3&  in  a  century,  and  that  their  longitude  in  1801 
was  ff  17°  IS'  and  11'  17°  18'.  This  may  be  received  as 
more  exact  than  the  determination  given  in  art  143. 

I  said,  in  art  188,  that  we  have  seen  too  little  of  the  mo- 
tions of  Ceres  and  Pallas  to  announce  the  elements  of 
their  theories  with  any  thing  like  precision.  But,  that  they 
may  not  be  altogether  omitted,  the  following  may  be  receiv- 
ed as  of  most  authority : 

Caw.  PuTt*  Jmu.  VM*. 

Meandwbmtt,  8701*31    27*7123  2.6W  2.3622 

Ecctntri.  to  ra.  d.  1.      0.0J86       0.2447  0.354  0.1838 

Lon.  perih.  in  1818,4.287.18     4.1.8—    ls23"32'56"    8*10°19'36" 
Period  (rider.),  days,  H82.S*   noa-lS"  1»80  1181 

Mettloii.Jsn.l818,10'a60M'    fl'tTsy        S'ST^"    6*24°40'45" 
India,  orbit,  10°38'      WtV         IS*  3"  37"  fl'Sl" 

Lon.  node  in  1818, 8* 20°  44'     fi.2B.27     S»31D8'S0"    *il»e10'41" 
These  bodies  present  some  very  singular  circumstances 
to  our  study ;  their  distances  and  periods  being  almost  the 

*  In  1819. 
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same,  and  their  longitudes  at  present  differing  very  little. 
They  differ  considerably  in  eccentricity,  the  place  of  the 
node,  and  the  inclination  of  their  orbits.  They  must  be 
greatly  disturbed  by  each  other,  and  by  Jupiter. 

With  these  observations  I  might  conclude  the  discussion 
of  the  mechanism  of  the  solar  system.  The  facts  observed 
in  the  appearances  of  the  comets  are  too  few  to  authorise 
me  to  add  any  thing  to  what  has  been  already  said  concern- 
ing them.  I  refer  to  Newton's  Principia  for  an  account  of 
that  great  philosopher's  conjectures  concerning  the  luminous 
train  which  generally  attends  them,  acknowledging  that  I 
do  not  think  these  conjectures  well  supported  by  the  esta- 
blished laws  of  motion.  Dr  Win  thorp  has  given,  in  the 
57th  volume  of  the  PhU.  Trans,  a  geometrical  explanation 
of  the  mechanism  of  this  phenomenon  that  is  ingenious  and 
elegant,  but  founded  on  a  hypothesis  which  I  think  inad- 
missible. 

871.  No  notice  has  yet  been  taken  of  the  relations  of 
the  solar  system  to  the  rest  of  the  visible  host  of  heaven ; 
and  we  have,  hitherto,  only  considered  the  starry  heavens 
as  affording  us  a  number  of  fixed  points,  by  which  we  may 
estimate  the  motions  of  the  bodies  which  compose  our  sys- 
tem. It  will  not,  therefore,  be  unacceptable  should  I  now 
lay  before  the  reader  some  reflections,  which  naturally  arise 
in  the  mind  of  any  person  who  has  been  much  occupied  in 
the  preceding  researches  and  speculations,  and  which  lead 
the  thoughts  into  a  scene  of  contemplation  far  exceeding  in 
magnificence  any  thing  yet  laid  before  the  reader.  As 
they  are  of  a  miscellaneous  nature,  and  not  susceptible  of 
much  arrangement,  I  shall  not  pretend  totnark  them  by 
any  distinctions,  but  shall  take  them  as  they  naturally  offer 
themselves. 

The  fitness  for  almost  eternal  duration,  so  conspicuous 
in  the  constitution  of  the  solar'  system,  cannot  but  suggest 
the  highest  ideas  of  the  intelligence  of  the  Great  Artist. 
No  doubt  these  conceptions  will  be  very  obscure,  and  very 
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inadequate ;  but  we  shall  find,  that  the  farther  we  advance 
in  our  knowledge  of  the  phenomena,  we  shall  gee  the  more 
to  admire,  and  the  more  numerous  displays  of  great  wis- 
dom, power,  and  kind  intentions. 

It  b  not  therefore  fearful  superstition,  but  the  cheerful 
anticipation  of  a  good  heart,  which  will  make  a  student  of 
nature  even  endeavour  to  form  to  himself  still  higher  no- 
tions of  the  attributes  of  the  Divine  Mind.  He -cannot  do 
this  in  a  direct  manner.  All  he  can  do  is  to  abstract  all 
notions  of  imperfection,  whether  in  power,  skill,  or  benevo- 
lent intentions,  and  he  will  suppose  the  Author  of  the  uni- 
verse to  be  infinitely  powerful,  wise,  and  good. 

It  is  impossible  to  stop  the  flights  of  a  speculative  mind, 
wanned  by  such  pleasing  notions.  Such  a  mind  will  form 
to  itself  notions  of  what  is  most  excellent  in  the  designs 
which  a  perfect  being  may  form,  and  it  finds  itself  under  a 
sort  of  necessity  of  believing  that  the  Divine  Mind  will 
really  form  such  designs.  This  romantic  wandering  has 
given  rise  to  many  strange  theological  opinions.  Not  doubt- 
ing (at  least  in  the  moment  of  enthusiasm)  that  we  can 
judge  of  what  is  most  excellent,  we  take  it  for  granted  that 
this  creature  of  our  heated  imagination  must  also  appear 
most  excellent  to  the  Supreme  Mind.  From  this  principle, 
theologians  have  ventured  to  lay  down  the  laws  by  which 
God  himself  must  regulate  his  actions.  No  wonder  that, 
on  so  fanciful  a  foundation  as  our  capacity  to  judge  of  what 
is  most  excellent,  have  been  erected  the  most  extravagant 
fabrics;  and  that,  in  the  exuberance  of  religious  zeal,  the 
Author  of  all  has  been  described  as  the  most  limited  Agent 
in  the  universe,  forced,  in  every  action,  to  regulate  himself 
by  our  poor  and  imperfect  notions  of  what  is  excellent.  We, 
who  vanish  from  the  sight,  at  the  distance  of  a  neighbour- 
ing hill — whose  greatest  works  are  invisible  from  the  Moon 
— whose  whole  habitation  is  not  visible  to  a  spectator  in 
Saturn— *hall  such  creatures  pretend  to  judge  of  what  is 
supremely  excellent  ? 

Vol.  III.  T 
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Let  us  not  pretend  even  to  guess  at  the  specific  laws  by 
which  the  conduct  of  the  Divinity  must  be  directed,  except 
in  bo  far  as  it  has  pleased  him  to  declare  them  to  us.  We 
shall  pursue  the  only  safe  road  in  this  speculation,  if  we  en- 
deavour to  discover  the  laws  by  which  bis  visible  and  com- 
prehensible works  are  actually  conducted.  The  more  we 
discover  of  these,  the  more  do  we  find  to  fill  us  with  admi- 
ration and  astonishment.  The  only  speculations  in  which 
we  can  indulge,  without  the  continual  danger  of  going 
astray,  are  those  which  enlarge  our  notions  of  the  scene  on 
which  it  has  pleased  the  Almighty  to  display  his  perfec- 
tions. This  will  be  the  undoubted  effect  of  enlarging  the 
field  of  our  own  observation.  After  examining  this  lower 
world,  and  observing  the  nice  and  infinitely  various  adjust- 
ments of  means  to  ends  here  below,  we  may  extend  our  ob- 
servation beyond  this  globe.  Then  shall  we  find  that,  as 
far  as  our  knowledge  can  carry  us,  there  is  the  same  art, 
and  the  same  production  of  good  effects  by  beautifully  con- 
trived means.  We  have  lately  discovered  a  new  planet,  far 
removed  beyond  the  formerly  imagined  bounds  of  the  pla- 
netary world.  This  discovery  shews  us,  that  if  there  are 
thousands  more,  they  may  be  for  ever  hid  from  our  eyes  by 
their  immense  distance.  Yet  there  we  find  the  same  care 
taken  that  their  condition  shall'  be  permanent.  They  are 
influenced  by  a  force  directed  to  the  Sun,  and  inversely  as 
the  square  of  the  distance  from  him ;  and  they  describe  el- 
lipses. This  planet  is  also  accompanied  by  satellites,  doubt- 
less rendering  to  the  primary  and  its  inhabitants  services 
similar  to  what  this  Earth  receives  from  the  Moon.  All 
the  comets  of  whose  motions  we  have  any  precise  know- 
ledge, are  equally  secured ;  none  seems  to  describe  a  para- 
bola or  hyperbola,  so  as  to  quit  the  Sun  for  ever. 

This  mark  of  an  intention  that  this  noble  fabric  shall  con- 
tinue for  ever  to  declare  itself  the  work  of  an  Almighty  and 
Kind  Hand,  naturally  carries  forward  the  mind  into  that 
unbounded  space,  of  which  our  solar  system  occupies  so  in. 
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considerable  a  portion.  The  mind  revolts  At  the  thought 
that  this  is  studded  with  stars  for  no  other  purpose  than  to 
assist  the  astronomer  in  his  computations,  and  to  furnish  a 
gay  spectacle  to  the  unthinking  multitude.  We  see  no- 
thing here  below,  or  in  our  system,  which  answers  but  one 
solitary  purpose ;  and  we  require  that  a  positive  reason  shall 
be  given  for  limiting  the  Host  of  Heaven  to  so  ignoble  an 
office.  As  such  has  not  been  given,  we  indulge  ourselves 
in  the  pleasing  thought  that  the  stars  make  a  part  of  the 
universe,  no  less  important  in  purpose  than  great  in  extent. 
We  are  justifiable,  by  what  we  in  some  measure  understand 
in  supposing  each  star  a  sun,  the  centte  of  a  planetary  sys- 
tem, tull  of  enjoyment  like  our  own,  and  so  constructed  as 
to  last  for  ever. 

When  the  philosopher  indulges  himself  in  those  amaz- 
ing, but  pleasing  thoughts,  he  must  regulate  his  specula- 
tions by  analogies  and  resemblances  to  things  more  fami- 
liarly known  to  him.  We  must  suppose  those  systems  to 
resemble  our  own,  and  that  they  are  kept  together  by  a 
gravitation  in  the  inverse  duplicate  ratio  of  the  distances. 
For  we  know  that  this  alone  will  insure  permanency  and 
good  order. 

But  in  so  doing,  we  extend  the  influence  of  gravity  to 
distances  inconceivably  greater  than  any  that  we  have  yet 
considered ;  and  we  come  at  last  to  believe  that  gravitation 
is  the  bond  of  connection  which  unites  the  most  distant  bo- 
dies of  the  visible  universe,  rendering  the  whole  one  great 
machine,  for  ever  operating  the  most  magnificent  purposes, 
worthy  of  its  All-perfect  Creator.  And,  when  we  see  that 
such  a  connexion  is  necessary  for  this  end,  we  are  apt  to 
imagine  that  gravity  is  essential  to  or  indispensable  in  that 
matter  that  is  to  be  moulded  into  a  world. 

But  let  Dot  our  ignorance  mislead  us,  nor  let  us  measure 
every  thing  by  that  small  scale  which  God  has  enabled  us 
to  use,  unless  we  can  see  some  circumstances  of  resemblance 
in  the  appearances,  which  may  justify  the  application. 
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*  A  frame  of  material  nature  of  any  kind  cannot  be  con- 
ceived by  the  mind,  without  supposing  that  the  matter  of 
which  it  consists  is  influenced  by  some  active  powers,  con- 
stituting the  relations  between  its  different  parts.  Were 
there  only  the  mere  inert  materials  of  a  world,  it  would 
hardly  be  better  than  a  chaos,  although  moulded  into  sym- 
metrical forms,  unless  the  spirit  of  its  author  were  to  ani- 
mate those  dead  masses,  so  as  to  bring  forth  change,  and 
;  order,  and  beauty.  Our  illustrious  Newton  therefore  says, 
with  great  propriety,  that  the  business  of  a  true  philosophy 
is  to  investigate  those  active  powers,  by  which  the  course 
of  natural  events,  to  a  very  great  extent  at  least,  is  perpe- 
tually governed.  Philosophising  with  this  view,  he  disco- 
vered the  law  of  universal  gravitation,  and  has  thus  given 
the  brightest  specimen  of  the  powers  'of  human  understand- 

infr 

The  notion  of  something  like  gravity  seems  inseparable 
from  our  conception  of  any  established  order  of  things;  for 
unless  some  principle  of  general  union  obtain  among  the 
parts  of  matter,  we  can  have  no  conception  of  the  very  first 
formation  of  the  individuals  of  which  a  world  may  be  com- 
posed. 

But  general  gravitation,  or  that  power  by  which  the  dis- 
tant bodies  belonging  to  any  system  are  connected,  and  act 
on  one  another,  does  not  setaa  so  indispensably  necessary 


*  For  rainy  of  the  thoughts  in  what  follows,  the  reader  is  indebt- 
ed to  a  very  ingenious  pamphlet,  published  by  Cadell  and  Davies  in 

1171,  entitled,  Thmtghts  or   General  Gravitation.     It  it  much  to  be 

regretted  that  the  author  has  not  availed  himself  of  the  successful  re- 
searches of  astronomers  since  that  time,  and  prosecuted  his  excel- 
lent hints.  If  it  be  the  performance  of  the  person  whom  I  suppose 
to  be  the  author,  I  hare  such  an  opinion  of  bis  acstteness,  and  of  his 
justness  of  thought,  that  I  take  this  opportunity  of  requesting  him 
to  turn  his  attention  afresh  to  the  subject.  His  advantages,  from  his 
present  situation  and  connexions,  are  precioos,  and  should  not  bo 
lost. 
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to  the  very  being  of  the  system,  as  particular  gravity  is  to 
the  being  of  any  individual  in  it  We  cannot  discern  any 
'  absurdity  in  the  supposition  of  bodies,  such  as  the  planets,  ' 
so  situated  with  respect  to  another  great  body,  such  as  the 
Sun,  as  to  receive  from  it  suitable  degrees  of  light  and 
beat,  without  their  having  any  tendency  to  approach  the 
Sun,  or  each  other.  But  then,  how  far  such  limitation  of 
gravity  may  be  a  possible  thing,  or  how  far  its  indefinite 
extension  in  every  direction  may  be  involved  in  its  very  na- 
ture, we  cannot  tell,  until  we  are  able  to  consider  gravity 
as  an  effect,  and  to  deduce  the  laws  of  its  operation  from 
our  knowledge  of  its  cause. 

That  the  influence  of  gravity  extends  into  the  boundless 
void,  to  the  greatest  assignable  distance,  seems  to  be  almost 
the  hinge  of  the  Newtonian  philosophy.  At  least  there  is 
nothing  that  warrants  any  limit  to  its  action.  Father  Bos- 
covich,  indeed,  shews  that  all  the  phenomena  may  be  what 
they  are,  without  this  as  a  necessary  consequence.  But 
he  is  plainly  induced  to  bring  forward  the  limitation  in  or- 
der to  avoid  what  has  been  thought  a  necessary  consequence 
of  the  indefinite  extension  of  gravity ;  and  what  he  oners 
is  a  mere  possibility. 

Now,  if  such  extension  of  gravitation  be  inseparable,  in 
fact,  from  its  nature,  then,  if  all  the  bodies  of  our  system 
are  at  rest  in  absolute  space,  no  sooner  does  the  influence 
of  general  gravitation  go  abroad  into  the  system,  than  all 
the  planets  and  comets  must  begin  to  approach  the  Sun ; 
and  in  a  very  small  number  of  days,  the  whole  of  the  solar 
system  must  tail  into  the  Sun,  and  be  destroyed. 

But,  that  this  fair  order  may  be  preserved,  and  accommo- 
dated to  this  extended  influence  of  gravity,  which  appears 
so  essential  to  the  constitution  of  the  several  parts  of  the 
system,  we  see  a  most  simple  and  effectual  prevention,  by 
the  introduction  of  projectile  forces  and  progressive  motion. 
For  upon  these  being  now  combined,  and  properly  adjusted 
with  the  variation  of  gravity,  the  planets  are  made  to  nv 
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volve  round  the  San  in  stated  cowries,  by  which  their  con- 
tinual approach  to  the  Sun  and  to  one  another  is  prevent- 
ed, and  the  adjustment  is  made  with  such  exquisite  pro- 
priety, that  the  perfect  order  of  things  is  almost  unchange- 
able. This  adjustment  is  no  less  manifest  in  the  subordi- 
nate systems  of  a  primary  .planet  and  its  satellites,  which 
are  not  only  regulated  by  their  own  orbital  motions,  but  are 
the  constant  attendants  of  their  primaries  in  their  revolu- 
tion round  the  Sun. 

In  this  view  of  the  subject,  forasmuch  as  gravity  seems 
essential  to  the  constitution  of  all  the  great  bodies  of  the 
system,  and  in  so  far  as  its  indefinite  extension  may  be  in- 
separable from  its  nature,  it  appears  that  periodical  motion 
must  be  necessary  for  the  permanency  and  order  of  every 
system  of  worlds  whatever. 

But  here  a  thought  is  suggested,  which  obviously  leads 
to  a  new  and  a  very  grand  conception  of  the  universe.  If 
periodical  motion  be  thus  necessary  for  the  preservation  of 
a  small  assemblage  of  bocjies,  and  if  Newton's  law  present 
to  us  the  whole  host  of  heaven  as  one  great  assemblage  af- 
fected by  gravitation,  we  must  still  have  recourse  to  perio- 
dical motion,  in  order  to  secure  the  establishment  of  this 
grand  universal  system.  For  if  there  be  no  bounds  to  the 
influence  of  gravitation,  and  if  all  the  stars  be  so  many 
suns,  the  centres  of  as  many  systems  (as  is  most  reasonable 
to  believe)  the  immensity  of  their  distance  cannot  satisfy  us 
for  their  being  able  to  remain  in  any  settled  order.  Those 
that  are  situated  towards  the  confines  of  this  magnificent 
creation  must  forsake  their  stations,  and,  with  an  approach, 
continually  accelerated,  must  move  onwards  to  the  centre 
of  general  gravitation,  and,  after  a  series  of  ages,  the  whole 
glory  of  nature  must  end  in  a  universal  wreck. 

As  the  system  of  Jupiter  and  his  satellites  is  but  an  epi- 
tome of  the  great  solar  system  to  which  he  belongs,  may 
not  this,  in  its  turn,  be  a  faint  representation  of  that  grand 
system  of  the  universe,  round  whose  centre  this  Sun,  with 
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his  attending  planets,  and  an  inconceivable  multitude  of  tike 
systems,  do  in  reality  revolve  Recording  to  the  law  of  gra- 
vitation P  Now,  will  our  anticipation  of  disorder  and  ruin 
be  changed  into  the  contemplation  of  a  countless  number 
of  nicely-adjusted  motions,  all  proclaiming  the  sustaining 
hand  of  God. 

This  is  indeed  a  grand,  and  almost  overpowering  thought; 
yet  justified  both  by  reason  and  analogy.  The  grandeur, 
however,  of  this  universal  system  only  opens  upon  us  by 
degrees.  If  it  resemble  our  solar  system  in  construction, 
what  an  inconceivable  display  of  creation  is  suggested,  when 
we  turn  our  thoughts  towards  that  place  which  the  motion* 
of  so  many  revolving  systems  are  made  to  respect !  Here 
may  be  an  unthougbtof  universe  of  itself,  an  example  of 
material  creabon,  which  must  individually  exceed  all  the 
other  parts,  though  added  into  one  amount.  As  our  Sun 
is  almost  four  thousand  times  bigger  than  all  his  attendants 
put  together,  it  is  not  unreasonable  to  suppose  the  same 
thing  hen.  It  is  not  necessary  that  this  central  body  should 
be  visible.  The  great  use  of  it  is  not  to  illuminate,  but  to 
govern  the  motions  of  all  the  rest  We  know,  however, 
that  the  existence  of  such  a  central  body  is  not  necessary. 
Two  bodies,  although  not  very  Unequal,  may  be  projected 
with  such  velocities,  and  in  such  directions,  that  they  will 
revolve  for  ever  round  their  common  centre  of  position  and 
gravitation.  But  such  a  system  could  hardly  maintain  any 
regularity  of  motion  when  a  third  body  is  added.  It  may 
indeed  be  said,  that  the  same  transcendent  wisdom,  which 
baa  so  exquisitely  adapted  all  the  circumstances  of  our  sys- 
tem, may  so  adjust  the  motions  of  an  immense  number  of 
bodies,  that  their  disturbing  actions  shall  accurately  com- 
pensate each  other.  But  still  the  beautiful  simplicity  that 
is  manifest  in  what  we  see  and  understand,  seems  to  war- 
rant a  like  simplicity  in  this  great  system,  and  therefore 
renders  the  existence  of  such  a  great  central  Regulator  of 
the  movements  of  all  the  most  probable  supposition. 
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Sober  reason  will  not  be  disposed  to  revolt  at  so  glorious 
an  extension  of  the  works  of  God,  however  much  it  may 
overpower  our  feeble  conceptions.  Nay,  this  analogy  ac- 
quires additional  weight  and  authority  even  from  the  tran- 
scendent nature  of  the  universe  to  which  it  direct*  our 
thoughts.  Nothing  less  magnificent  seems  suitable  to  a 
Being  of  infinite  perfections. 

But  we  are  not  left  to  mere  conjecture  in  support  of  this 
conception  of  a  great  universe,  connected  by  mutual 
powers.  There  are  circumstances  of  analogy  which  tend 
greatly  to  persuade  us  of  the  reality  of  our  conjecture— 
circumstances  which  seem  to  indicate  a  connexion  among 
the  most  distant  objects  of  the  creation  visible  from  our 
habitation.  The  light  by  which  the  fixed  stars  are  seen 
is  the  same  with  that  by  which  we  behold  our  Sun  and  his 
attending  planets.  It  moves  with  the  same  velocity,  as  we 
discover  by  comparing  the  aberration  of  the  fixed  stars 
with  the  eclipses  of  Jupiter's  satellites.  It  is  refracted  and 
reflected  according  to  the  same  laws.  It  consists  of  the 
same  colours.  No  opinion  con  be  formed,  therefore,  of 
the  solar  light,  which  must  not  also  be  adopted  with  re- 
spect to  the  light  of  the  fixed  stars.  The  medium  of  vi- 
sion must  be  acted  on  in  the  same  manner  by  both, 
whether  we  suppose  it  the  undulation  of  an  ether,  or  the 
emission  of  matter  from  the  luminous  body.  In  either 
case,  a  mechanical  connexion  obtains  between  those  bodies, 
however  distant,  and  our  system.  Such  a  connexion  in 
mechanical  properties  induces  ub  to  suppose,  that  gravita- 
tion, which  we  know  reaches  to  a  distance  which  exceeds 
all 'our  distinct  conceptions,  extends  also  to  the  fixed  stars. 

If  this  be  really  the  case,  motion  must  ensue,  even  in 
producing  the  final  ruin  of  the  visible  universe;  and  peri- 
odic motion  is  indispensably  necessary  for  its  permanency. 

If  all  the  fixed  stars,  and  our  Sun,  were  equal,  and 
placed  at  equal  distances,  in  the  angles  of  regular  solids, 
their  mutual  ruinous  approach  could  hardly  be  perceived. 
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For,  in  every  moment,  they  would  still  have  the  same  re- 
lative positions,  and  an  increase  of  brightness  is  all  that 
could  ensue  after  many  ages.  But  if  they  were  irregular- 
ly placed,  and  unequal,  their  relative  positions  would 
change,  with  an  accelerated  motion,  and  this  change  might 
become  sensible  after  a  long  course  of  ages.  If  they  have 
periodical  motions,  suited  to  the  permanency  of  the  grand 
system  of  the  universe,  the  changes  of  place  may  be  much 
more  sensible ;  and  if  we  suppose  that  their  difference  in 
brilliancy  is  owing  to  the  differences  in  tbeir  distance  from 
us,  we  may  expect  that  these  changes  will  bo  most  sensi- 
ble in  the  brightest  stars.  , 

Facts  are  not  wanting  to  prove  that  such  changes  really 
obtain  in  the  relative  positions  of  the  fixed  stars.  This 
was  first  observed  by  that  great  astronomer,  mathemati- 
cian, and  philosopher,  Dr  Halley.  He  found,  after  com- 
paring the  observations  of  Ariatillus,  Timochares,  and 
Ptolemy,  with  those  of  our  days,  that  several  of  the 
brighter  stars  had  changed  their  situation  remarkably  (See 
Phil.  Trans.  No  855.)  Aldebaran  has  moved  to  the  south 
about  86v.  SyriuB  has  moved  south  about  48',  and  Arc- 
turus,  alto  to  the  south,  about  S3'.  The  eastern  shoulder 
of  Orion  has  moved  northward  about  61'.  Observations 
in  modern  times  shew,  that  Arcturus  baa  moved,  in  78 
years  about  3'  8".  This  is  a  very  sensible  quantity,  and 
is  easily  observed,  by  means  of  the  small  star  o  in  its  im- 
mediate neighbourhood.  (See  Phil.  Trans.  LXIII.  also 
1748 ;  and  Mem.  Par.  1.765.)  Syrius,  in  like  manner, 
increases  its  latitude  about  2'  in  a  century.  (Mem.  Par. 
1756.)  Aldebaran  moves  very  irregularly.  The  bright 
star  in  Jquila  has  changed  its  latitude  36'  since  the  time 
of  Ptolemy,  and  S'  since  the  time  of  Tycho-  This  is  easi- 
ly seen  by  its  continual  separation  from  the  small  star  *. 

These  motions  seem  to  indicate  a  motion  in  our  system. 
Most  of  the  stars  have  moved  toward  the  south.  The 
stars  in  the  northern  quarters  seem  to  widen  their  relative 
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positions,  while  those  in  the  south  seem  to  contract  their 
distances.  Dr  Herschel  thinks,  that  a  comparison  of  all 
these  changet  indicates  a  motion  of  our  Sun  with  his  at- 
tending planets  toward  the  constellation  Hercules.  (Phil. 
Trans.  1768.)  A  learned  and  ingenious  friend  thinks  it 
not  impossible  to  discover  this  motion  by  means  of  the 
aberration  of  the  stars.  Suppose  the  Sun  and  planets  to 
be  moving  toward  the  Pole-star,  and  that  his  motion  is  100 
times  greater  than  that  of  the  Earth  in  her  orbit  (a  very 
moderate  supposition,  when  we  compare  the  orbital  motion 
of  the  Earth  with  that  of  the  Moon),  every  equatorial  star 
will  appear  about  34'  north  of  its  true  place,  when  viewed 
through  a  common  telescope,  but  only  23'  when  viewed 
through  a  telescope  filled  with  water.  The  declination  of 
every  such  star  will  be  1 1'  less  through  a  water  telescope 
than  through  a  common  telescope.  Stars  out  of  the  equa- 
tor will  have  their  declination  diminished  by  a  water  tele- 
scope 1 1'  x  cos.  declination. 

In  1761,  the  ingenious  Mr  Lambert  published  bis  Lei- 
ten  on  Cosmology  (in  the  German  language),  in  which 
he  has  considered  this  subject  with  much  attention  and  in- 
genuity. He  treats  of  the  motion  of  the  Sun  round  a  cen- 
tral body— -of  systems  of  systems,  or  milky-ways,  carried 
round  an  immense  body-— of  systems  of  such  galaxies— 
and  of  the  great  central  body  of  the  universe.  In  these 
speculations  he  infers  much  from  final  causes,  and  is  often 
ingenieuily  romantic.  But  Lambert  was  also  a  true  in- 
ductive philosopher,  and  makes  no  assertion  with  confi- 
dence that  is  not  supported  by  good  analogies.  The  ro- 
tation of  the  Sun  is  a  strong  ground  of  belief  to  Mr  Lam. 
bert  that  he  has  also  a  progressive  motion. 

Tobias  Mayer  of  Gottingen  speaks  in  the  same  manner, 
in  some  of  bis  dissertations  published  after  his  death  by 
Liehtenberg.  See  also  BaiUy*  Account  of  Modern  Attro- 
namy,  vol.  II.  664,  689.  Mayer  of  Manheim  has  alio 
published  thoughts  to  this  effect     i 
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Falatn.  IV.    Prevost,  Jfem.  Bertin  11SI,    Mitchel,  PhU. 
Tratu.  LVH.  l&X. 

The  gravitation  to  the  fixed  stars  can  produce  do  sensi- 
ble disturbances  of  the  motions  of  our  system.  This  gra- 
vitation must  be  inconceivably  mmmte,  by  reason  of  the 
immense  distance ;  and,  as  they  are  in  all  quarters  of  the 
heavens,  they  will  nearly  compensate  each  other's  action ; 
and  the  extent  of  our  system  being  but  as  a  point  in  com- 
parison with  the  distance  of  the  nearest  star,  the  gravita- 
tion to  that  star  in  all  the  parts  of  our  system  must  be  so 
nearly  equal  and  parallel,  that  no  sensible  derangement 
can  be  effected,  even  after  ages  of  ages. 

As  a  further  circumstance  of  analogy  with  a  periodical 
notion  in  the  whole  visible  universe,  we  may  adduce  the 
remarkable  periodical  changes  of  brilliancy  that  are  ob- 
served in  many  of  the  fixed  stars. 

This  was  first  observed  (I  think)  in  a  star  of  the  con. 
sulfation  Hydra.  Montanari  had  observed  it  in  1670, 
and  left  some  account  of  it  in  bis  papers,  which  Maraldi 
took  notice  of.  Maraldi,  after  long  searching  in  vain, 
found  it  in  1704,  and  saw  several  alternations  of  its  bright- 
ness and  dimness,  but  without  being  able  to  ascertain  their 
period.  It  was  long  lost  again,  till  Mr  Edward  Pigot 
found  it  in  1786.  He  determined  its  period  to  be  404 
days.  Since  that  time,  this  gentleman,  and  his  father, 
with  a  Mr  Goodricke,  have  given  more  attention  to  this 
department  of  astronomy,  and  their  example  has  been  fol- 
lowed by  other  astronomers.  Mr  Pigot  has  given  its,  in 
PhiL  Tram.  1 766,  a  list  of  a  great  number  of  stars  (above 
fifty)  in  which  such  periodical  changes  have  been  observed, 
and  has  given  particular  determinations  of  twelve  or  thir- 
teen, ascertaining  their  periods  with  precision.  The  whole 
is  followed  by  some  very  curious  reflections. 

Of  these  stars,  one  of  the  most  remarkable  is  x  Cygni, 
haying  a  period  of  41££  days.  See  Phil  Trans.  No  343i 
also  Mem.  Acad  Asm,  1719,  174*. 
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Another  remarkable  star  is  ,  Ceti,  having  a  period  of 
SS4  days.  (See  Phii.  Trans.  No  134,  346 ;  Mem.  Par. 
1719) 

There  is  another  such,  close  to  y  Cygni. 

The  double  star  C  Lyrsc  exhibits  very  singular  appear- 
ances, the  southernmost  sometimes  appearing  double,  and 
sometimes  accompanied  by  more  little  stars.  Grischoff  of 
Berlin  is  positive  that  it  has  planets  moving  round  it. 

Some  of  those  stars  have  very  short  periods.  The  most 
remarkable  is  Algol,  in  the  head  of  Medusa.  Its  period 
is  **  80*  49',  in  which  its  changes  are  very  irregular,  al- 
though perfectly  alike  in  every  period.  Its  ordinary  ap- 
pearance is  that  of  a  star  of  the  second  magnitude.  It 
suffers,  for  about  8£  hours,  a  reduction  to  the  appearance 
of  a  star  of  the  fourth  or  fifth  magnitude. 

Mr  Goodricke  observed  similar  variations  in  the  star 
1  Cephei.  During  5"  8h  37'  it  is  a  star  of  the  fifth  magni- 
tude. For  1"  13"  it  is  of  the  second  or  third.  It  dimi- 
nishes during  1"  18* ;  remains  36  hours  iu  its  faintest  state, 
and  regains  its  brilliancy  in  13  hours  more.  (Phil.  Tram. 
1786.) 

Mr  Pigot  observed  the  star  »  Antinoi  to  maintain  its 
utmost  brilliancy  during  44  hours,  and  then  gradually  to 
fade  during  63  hours,  and,  after  remaining  30  hours  of 
the  fifth  magnitude,  it  regains  its  greatest  brilliancy  in  86 
hours.     (Phil.  Trans.  1786.) 

Whatever  may  be  the  cause  of  these  alternations,  they 
are  surely  very  analogous  to  what  we  observe  in  our  sys- 
tem, the  individuals  of  which,  by  varying  their  positions, 
and  turning  their  different  sides  toward  ub,  exhibit  alter- 
nations of  a  similar  kind  ;  as,  for  example,  the  apparition 
and  dispaption  of  Saturn's  ring.  These  arcomatances, 
therefore,  encourage  us  to  suppose  a  similarity  of  constitu- 
tion in  our  system  to  the  rest  of  the  heavenly  host,  and 
render  it  more  probable  that  all  are  connected  by  one  ge- 
neral bond,  and  ore  regulated  by  similar  laws;     Nothing  is 
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so  likely  for  constituting  this  connexion  as  gravitation,  and 
its  combination  with  projectile  force  and  periodic  motion 
tends  to  secure  the  permanency  of  the-  whole. 

But  1  must  at  the  same  time  observe,  that  such  appear- 
ances in  the  heavens  make  it  evident,  that,  notwithstand- 
ing the  wise  provision  made  for  maintaining  that  order 
and  utility  which  we  behold  in  our  system,  the  day  may 
come  "  when  the  heavens  shall  pass  away  like  a.  scroll  that 
«  is  folded  up,  when  the  stars  in  heaven  shall  fail,  and  the 
"  Sun  shall  cease  to  give  his  light.'"  The  sustaining  hand 
of  God  is  still  necessary,  and  the  present  order  and  har- 
mony which, he  has  enabled  us  to  understand  and  to  ad- 
mire, is  wholly  dependent  on  his  will,  and  its  duration  is 
one  of  the  unsearchable  measures  of  his  providence.  What 
is  become  of  that  dazzling  star,  surpassing  Venus  in  bright- 
ness, which  shone  out  all  at  once  in  November  1572,  and 
determined  Tycho  Brahe  to  become  an  astrooomerf  He  did 
not  see  it  at  half  an  boar  past  five,  as  he  was  crossing  some 
fields  in  going  to  his  laboratory.  But,  returning  about 
ten,  he  came  to  a  crowd  of  country  folks  who  were  staring 
at  something  behind  him.  Looking  round,  he  saw  this 
wonderful  object  It  was  so  bright  that  his  staff  had  a 
shadow.  It  was  of  a  dazzling  white,  with  a  little  of  a  blu- 
ish tinge.  In  this  state  it  continued  about  three  weeks, 
and  then  became  yellowish  and  less  brilliant.  Its  bril- 
liancy diminished  fast  after  this,  and  it  became  more  rud- 
dy, like  glowing  embers.  Gradually  fading,  it  was  wholly 
invisible  after  fifteen  months. 

A.  similar  phenomenon  is  said  to  have  caused  Hippar- 
chus  to  devote  himself  to  astronomy,  and  to  bis  vast  pro- 
ject of  a  catalogue  of  the  stars,  that  posterity  might  know 
whether  any  changes  happened  in  the  heavens.  And,  in 
1604,  another  such  phenomenon,  though  much  less  re- 
markable, engaged  for  some  time  the  attention  of  astrono- 
mers. Nor  are  these  all  the  examples  of  the  perishable 
nature  of  the  heavenly  bodies.     Several  stars  in  the  cala- 
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logues  of  HipparchiM,  of  Ulugh  Beigh,  of  Tycho  Brahe, 
and  even  of  Flametead,  are  no  more  to  be  sees.  They  are 
gone,  and  hare  left  no  trace. 

Should  we  now  turn  our  eyes  to  objects  that  are  nearer 
us,  we  shall  see  the  same  marka  of  change.  When  the 
Moon  is  viewed  through  a  good  telescope,  magnifying 
about  ISO  times,  we  see  her  whole  surface  occupied  by 
volcanic  craters ;  some  of  them  of  prodigious  magnitude. 
Some  of  them  give  the  most  unquestionable  marks  of  seve- 
ral successive  eruptions,  each  destroying  in  part  the  crater 
of  a  former  eruption.  The  precipitous  and  craggy  ap- 
pearance of  the  brims  of  those  craters  is  precisely  such  a# 
would  be  produced  by  the  ejection  of  rocky  matter.  In 
short,  it  is  impossible,  after  such  a  view  of  the  Moon,  to 
doubt  of  her  being  greatly  changed  from  her  primitive 
state. 

Even  the  Sun  himself,  the  source  of  light,  and  beat,  and 
life,  to  the  whole  system,  is  not  free  from  such  changes. 

If  we  now  look  round  us,  and  examine  with  judicious 
attention  our  own  habitation,  we  see  the  most  incontrover- 
tible marks  of  great  and  general  changes  over  the  whole 
face  of  the  Earth.  Besides  the  slow  degradation  by  the 
action  of  the  winds  and  rains,  by  which  the  soil  is  gradu- 
ally washed  away  from  the  high  lands,  and  carried  by  the 
rivers  into  the  bed  of  the  ocean,  leaving  the  Alpine  sum- 
mits stripped  to  the  very  bone,  we  cannot  see  the  race  of  any 
rock  or  crag,  or  any  deep  gully,  which  does  not  point  ont 
much  more  remarkable  changes.  These  are  not  confined 
to  such  as  are  plainly  owing  to  the  horrid  operations  of 
volcanoes,  but  are  universal.  Except  a  few  mountains, 
when  we  cannot  confidently  say  that  they  are  factitious, 
and  which  for  no  better  reason  we  coll  primitive,  there  is 
nothing  to  be  seen  but  ruins  and  convulsions.  What  is 
now  an  elevated  mountain  has  most  evidently  been  at  the 
bottom  of  the  sea,  and,  previous  to  its  being  there,  has 
been  habitable  surface. 

1 
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It  is  very  true,  that  all  our  knowledge  on  this  subject  is 

merely  superficial.  The  highest  mountains,  and  deepest 
excavations,  do  not  bear  so  great  a  proportion  to  the  globs 
as  the  thickness  of  paper  that  covers  a  terrestrial  globe 
bears  to  the  bulk  of  that  philosophical  toy.  We  hare  no 
authority  from  any  thing  that  we  have  seen,  for  forming 
any  judgment  concerning  the  internal  conHtitution  of  the 
Earth.  But  we  see  enough  to  convince  us,  that  it  bears 
no  marks  of  eternal  duration,  or  of  existing  as  it  is,  by  its 
own  energy.  No !  all  is  perishable— all  requires  the  bus* 
taining  hand  of  God,  and  is  subject  to  the  unsearchable 
designs  of  its  Author  and  Preserver. 

There  is  yet  another  class  of  objects  in  the  heavens,  of 
which  I  have  taken  no  notice.  They  are  called  visum, 
or  nbsduws  stabs.  They  have  not  the  sparkling  bril- 
liancy that  distinguishes  tbe  stars,  and  they  are  of  a  sensi- 
ble diameter,  and  a  determinate  shape.  Many  of  them, 
when  viewed  through  telescopes,  are  clusters  of  stars, 
which  the  naked  eye  cannot  distinguish.  Tbe  most  re- 
markable of  these  is  in  tbe  constellation  Cancer,  and  is 
known  by  the  name  Prasepe.  Ptolemy  mentions  it,  and 
another  in  the  right  eye  of  Sagittarius.  Another  may  be 
seen  in  the  head  of  Orion,  Many  small  clusters  have  been 
discovered  by  the  help  of  glasses.  The  whole  galaxy  is 
nothing  else. 

But  there  is  another  kind,  in  which  the  finest  telescopes 
have  discovered  no  clustering  stars.  Most  of  them  have 
a  star  in  or  near  the  middle,  surrounded  with  a  pale  light, 
which  is  brightest  in  the  middle,  and  grows  more  faint  to- 
ward the  circumference.  This  circumference  is  distinct, 
or  well  defined,  and  is  not  always  round.  One  or  two  ne- 
bula? have  the  form  of  a  luminous  disk,  with  a  hole  in  the 
middle  like  a  millstone.  They  are  of  various  colours, 
white,  yellow,  rose-coloured,  &c.  Dr  Her  ache],  in  several 
of  the  late  volumes  of  the  Philosophical  Transactions, 
has  given  us  the  places  of  a  vast  number  of  nebula;,  with 
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curious  descriptions  of  their  peculiar  appearances,  and  a 
series  of  most  ingenious  and  interesting  reflections  on  their 
nature  and  constitution.  His  Thought*  on  the  Structure  of 
the   Heavens  are  full  of   most  curious  speculation,   and    ' 
should  be  read  by  every  philosopher. 

When  we  reflect,  that  these  singular  objects  are  not, 
like  the  fixed  stars,  brilliant  points,  which  become  smaller 
when  seen  through  finer  telescopes,  but  have  a  sensible  and 
measurable  diameter,  sometimes  exceeding  %' ;  and  when 
we  also  recollect,  that  a  ball  of  200,000,000  miles  in  dia- 
meter, which  would  fill  the  whole  orbit  of  the  Earth  round 
the  Sun,  would  not  subtend  an  angle  of  two  seconds  when 
taken  to  the  nearest  fixed  star,  what  must  we  think  of 
these  nebulas  ?  One  of  them  is  certainly  some  thousands 
of  times  bigger  than  the  Earth's  orbit.  Although  our 
finest  telescopes  cannot  separate  it  into  stars,  it  is  still  pro- 
bable that  it  is  a  cluster.  It  is  not  unreasonable  to  think, 
with  Dr  Herschel,  that  this  object,  which  requires  a  tele- 
scope to  find  it  out,  will  appear,  to  a  spectator  in  its  cen- 
tre, much  the  same  as  the  visible  heavens  do  to  us ;  and 
that  this  starry  heaven,  which  to  us  appears  so  magnificent, 
is  but  a  nebulous  star  to  a  spectator  placed  in  that  nebula. 

The  human  mind  is  almost  overpowered  by  such  a 
thought  When  the  soul  is  filled  with  such  conceptions 
of  the  extent  of  created  nature,  we  can  scarcely  avoid  ex- 
claiming, "  Lord,  what  then  is  man  that  thou  art  mindful 
"of  him!"  Under  such  impressions,  David  shrunk  into 
nothing,  and  feared  that  he  should  be  forgotten  amongst 
so  many  great  objects  of  the  divine  attention.  His  com- 
fort and  ground  of  relief  from  this  dejecting  thought  are 
remarkable :  "  But,"  says  he,  "  thou  hast  made  man  but 
"  a  little  lower  than  the  angels,  and  hast  crowned  him 
*'  with  glory  and  honour."  David  corrected  himself  by 
.  calling  to  mind  how  high  he  stood  in  the  scale  of  God's 
works.     He  recognised  his  own  divine  original,  and  his  al- 
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e  to  the  Author  of  all     Now,  cheered  sod  delighted, 
ries  out,  "  Lord,  how  glorious  is  thy  name  !n 


Tbkxx  xewains  yet  another  phenomenon,  which  is  very 
evidently  connected  with  the  mechanism  of  the  solar  ays* 
ten,  and  is  in  itself  both  curious  and  important.  I  mean 
the  tides  of  our  ocean.  Although  it  appears  improper  to 
eall  this  an  astronomical  phenomenon,  jet,  as  it  is  most 
evidently  connected  with  the  position  of  the  Bun  and 
Moon,  we  must  attribute  this  connexion,  in  fact,  to  a  na- 
tural connexion  in  the  way  of  cause  and  effect 


OfihcTidtt. 

872-  It  is  a  very  remarkable  operation  of  nature  that 
we  observe  on  the  shores  of  the  ocean,  when,  in  the  c*lm~ 
est  weather,  and  most  serene  sky,  the  vast  body  of  waters 
that  bathe  our  coasts  advances  on  our  chores,  inundating 
all  the  flat  sands,  rising  to  a  considerable  height,  and  then 
as  gradually  retiring  again  to  die  bed  of  the  ocean ;  and 
all  this  without  the  appearance  of  any  cause  to  impel  the 
waters  to  our  shores,  and  again  to  draw  them  off.  .Twice 
every  day  is  this  repeated.  In  many  places,  this  motion 
of  the  waters  is  tremendous,  the  sea  advancing,  even  in 
the  calmest  weather,  with  a  high  surge,  soiling  along 
the  flats  with  resistless  violence,  and  rising  to  the  height 
of  many  fathoms.  In  the  bay  of  Fundy,  it  comes  on  with 
a  prodigious  noise,  in  one  vast  wave,  that  is  seen  thirty 
nates  off;  and  the  waters  rise  100  and  120  feet  in  the 
harbour  of  Annapolis-Royal.  At  the  mouth  of  the  Se- 
vern, the  flood  also  comes  up  in  one  head,  about  ten  feet 
high,  banging  certain  destruction  to  any  small  craft  that 
has  been  unfortunately  left  by  the  ebbing  waters  on  the 
flats ;  and  as  it  passes  the  mouth  of  the  Avon,  it  sends  up 
Vol..  III.  U 
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that  small  river  a  vast  body  of  water,  rising  forty  or  fifty 
feet  at  Bristol. 

Such  an  appearance  forcibly  calls  the  attention  of  think- 
ing men,  and  excites  the  greatest  curiosity  to  discover  the 
cause.  Accordingly,  it  has  been  the  object  of  research  to 
all  who  would  be  thought  philosophers.  We  find  very 
little,  however,  on  the  subject,  in  the  writings  of  the  Greeks. 
The  Greeks,  indeed,  had  no  opportunity  of  knowing  much 
about  the  ebbing  and  flowing  of  the  sea,  as  this  phenome- 
non is  scarcely  perceptible  on  the  shores  of  the  Mediter- 
ranean and  its  adjoining  seas.  The  Persian  expedition  of 
Alexander  gave  them  the  only  opportunity  they  ever  had, 
aod  his  army  was  astonished  at  finding  the  ships  left  on  the 
dry  flats  when  the  sea  retired.  Yet  Alexander's  precep- 
tor, Aristotle,  the  prince  of  Greek  philosophers,  shews  little 
curiosity  about  the  tides,  and  is  contented  with  barely  men- 
tioning them,  and  saying,  that  the  tides  are  most  remarka- 
ble in  great  seas. 

373.  When  we  search  after  the  cause  of  any  recurring 
event,  we  naturally  look  about  for  recurring  concomitant 
circumstances;  and  when  we  find  any  that  generally  accom- 
pany it,  we  cannot  help  inferring  some  connexion.  All 
nations  seem  to  have  remarked,  that  the  flood-tide  always 
comes  on  our  coasts  as  the  Moon  moves  across  the  heavens, 
and  comes  to  its  greatest  height  when  the  Moon  is  in  one 
particular  position,  generally  in  the  south-west.  They  have 
also  remarked,  that  the  tides  are  most  remarkable  about 
the  time  of  new  Moon,  and  become  more  moderate  by  de- 
grees every  day,  as  the  Moon  draws  near  the  quadrature, 
after  which  they  gradually  increase  till  about  the  time  of 
full  Moon,  when  they  are  nearly  of  their  greatest  height. 
They  now  lessen  every  day  as  they  did  before,  and  are 
lowest  about  the  last  quadrature,  after  which  they  increase 
daily,  and,  at  the  next  new  Moon,  are  a  third  time  at  the 
highest. 
.  These  circumstances  of  concomitancy  have  been  noticed 
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by  all  nations,  even  the  most  uncultivated ;  and  all  seem 
to  have  concurred  in  ascribing  the  ebbing  and  flowing  of  ' 
the  sea  to  the  Moon,  as  the  efficient  cause,  or,  at  least,  as 
the  occasion,  of  this  phenomenon,  although  without  any 
comprehension,  and  often  without  any  thought,  in  what 
manner,  or  by  what  powers  of  nature,  this  or  that  position 
of  die  Moon  should  be  accompanied  by  the  tide  of  flood  or 
of  ebb.  -  - 

Although  this  accompaniment  has  been  every  where  re- 
marked, it  is  liable  to  so  many  and  so  great  irregularities, 
by  winds,  by  freshes,  by  the  change  of  seasons,  and  other 
causes,  that  hardly  any  two  succeeding  tides  are  observed 
to  correspond  with  a  precise  position  of  the  Moon.  The 
only  way,  therefore,  to  acquire  a  knowledge  of  the  con* 
nexion  that  may  be  useful,  either  to  the  philosopher  or  to 
the  citizen,  is  to  multiply  observations  to  such  a  number, 
that  every  source  of  irregularity  may  have  its  period  of 
operation,  and  be  discovered  by  the  return  of  the  period. 
The  inhabitants  of  the  sea-coasts,  and  particularly  the 
fishermen,  were  most  anxiously  interested  in  this  research. 
374.  Accordingly,  it  was  not  long  after  tbe  conquests  of 
the  Romans  had  given  them  possession  of  the  coasts  of  the 
ocean,  before  they  learned  the  chief  circumstauces  or  laws 
according  to  which  the  phenomena  of  the  tides  proceed. 
Pliny  says,  that  they  had  their  source  in  the  Sun  and  the 
Moon.  It  bad  been  inferred,  from  the  gradual  change  of 
tides  between  new  Moon  and  the  quadrature,  that  the  Sun 
was  not  unconcerned  in  the  operation.  Pytheas,  a  Greek 
merchant,  and  no  mean  philosopher,  resident  at  Marseilles, 
the.  oldest  Grecian  colony,  had  often  been  in  Britain,  at 
the-  tin-iinines  in  Cornwall  and  its  adjacent  islands.  He 
had  observed  the  phenomena  with  great  sagacity,  and  had 
collected  the  observations  of  tbe  natives.  Plutarch  and 
Pliny  mention  these  observation*  of  Pytheas,  some  of 
them  very  delicate,  and,  the  whole  taken  together,  contain- 
ing almost  all  that  was  known  of  the  subject,  till  the  dis- 
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coveries  of  Sir  Isaac  Newton  taught  the  philosophers  what 
to  look  for  in  their  inquiries  into-  the  nature  of  the  tide** 
and  how  to  class  the  phenomena.  Pytheas  had  net  only 
observed,  that  the  tides  gradually  abated  from  the  tines  of 
new  and  full  moon  to  the  times  of  the  quadratures,  and 
then  increased  again;  but,  had  also  remarked,  that  this 
vulgar  observation  was  not  exact,  but  that  the  greatest  tide 
was  always  two  days  after  new  or  full  Moon,  and  the 
smallest  was  as  long  after  the  quadratures.  He  also  cor- 
rected the  common  observation  of  the  tides  falling-  later 
every  day,  by  observing,  that  this  retardation  of  the  tides 
was  much  greater  when  the  moon  was  in  quadrature  than 
when  new  or  full.  The  tide-day,  about  the  time  of  new 
and  full  Moon,  is  really  shorter  by  50'  than  at  the  time  of 
her  quadrature. 

375.  This  variation,  in  the  interval  of  the  tides,  m  o*H- 
ed  the  priming  or  the  lagoino  of  the  tides,  according 
as  we  refer  them  to  lunar  or  solar  time.  Pytheas  probably 
learned  much  of  this  nicety  of -observation  from  the  Oornish 
fishermen.  By  .Elian's  accounts,  they  had  nets  extended 
along  shore  for  several  miles,  and  were  therefore  much  in- 
terested in  this  matter. 

976.  Many  observations  on  the  series  of  phenomena, 
which  completes  a  period  of  the  tides,  sire  to  be  found  in 
the  books  of  hydrography,  and  the  instructions  fcr  ma- 
riners, to  whom  the  exact  knowledge -of  the  'course  of  the 
tides  is  of  the  utmost  importance.  But  we  never  had  any 
good  collection  of  observations,  from  which  the  laws  of  ■their 
progress  could  be  learned,  till  the  Academy  of  Paris  pro- 
cured an  order  from  government  to  the  officers  at  the  ports 
of  Brest  and  Rochefort,  to  keep  a  register  of  all  the  phe- 
nomena, and  report  it  to  the  Academy.  A  register  of  ob- 
servations was  accordingly  continued  for  six  years,  with- 
out interruption,  at  both  ports,  and  the  observations  were 
published,  forming  the  most  complete  series  that  is  to  be 
met  with  in  any  department  of  science,  astronomy  alone 
5 
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excepted.  The  younger  Cassini  undertook  the  examina- 
lion  of  these  registers,  in  order  to  deduce  from  then  the 
general  laws  of  the  tides.  This  task  he  executed  with 
considerable  success ;  and  the  general  rules  which  be  has 
given  contain  a  much  better  arrangement  of  all  the  pheno- 
mena, their  periods  and  changes,  than  any  thing  that  had 
yet  appeared.  Indeed  there  had  scarcely  any  thing  lit-en 
added  to  the  vague  experience  of  illiterate  pilots  and  fisher- 
men, except  two  dissertations  by  Wallis  and  Flamstcad, 
published  in  the  Philosophical  Transactions, 

377.  It  is  not  likely,  notwithstanding  this  excellent  col- 
lection of  observations,  that  our  knowledge  would  have 
proceeded  much  farther,  had  not  Newton  demonstrated 
that  a  aeries  of  phenomena  perfectly  resembling  the  tides 
resulted  from  the  mutual  attraction  of  all  matter.  These 
consequences  pointed  oat  'to  those  interested  in  the  know- 
ledge of  the  tides  what  vicissitudes  or  changes  to  look  for 
— what  to  look  for  v  the  natural  or  regular  series — what 
they  are  to  consider  as  mere  anomalies— what  periods  to 
expect  in  the  different  variations — and  whether  there  are 
not  periods  which  comprehend  the  more  obvious  periods  of 
the  tides,  distinguishing  one  period  from  another.  As  soon 
as  this  clue  was  obtained,  every  thing  was  laid  open,  and 
without  it,  the  labyrinth  was  almost  inextricable ;  for  in 
the  variations  of  the  tides  there  are  periods  in  which  the 
changes  are  very  considerable ;  and  these  periods  continu- 
ally cross  each  other,  so  that  a  tide  which  should  be  great, 
considered  as  a  certain  tide  of  one  period,  should  be  small, 
considered  as  a  certain  tide  of  another  period.  When  it 
arrives,  it  is  neither  a  great  nor  a  small  tide,  but  it  pre- 
vents both  periods  from  offering  themselves  to  the  mere 
observer.  The  tides  afford  a  very  strong  example  of  the 
great  importance  of  a  theory  for  directing  even  our  obser- 
vations. Aided  by  the  Newtonian  theory,  we  have  dis- 
covered many  periods,  in  which  the  tides  suffer  gradual 
changes,  both  in  their  hour  and  in  their  height,  which  com- 
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monly  are  so  implicated  with  one  another,  that  they  never 
would  have  been  discovered  without  this  monitor,  whereas 
now,  we  can  predict  them  all. 

378.  The  phenomena  of  the  tides  are,  in  general,  the 
following : 

1.  The  waters  of  the  ocean  rise,  from  a  medium  height 
to  that  of  high  water,  and  again  ebb  away  from  the  shores, 
falling  nearly  as  much  below  that  medium  state,  and  then 
rise  again  in  a  succeeding  tide  of  good,  and  again  make 
high  water.  The  interval  between  two  succeeding  high 
waters  is  about  12"  £5',  the  half  of  (he  time  of  the  Moon's 
daily  circuit  round  the  Earth,  bo  that  we  have  two  tides  of 
flood  and  two  ebb  tides  in  every  £4*  50\  This- is  the 
shortest  period  of  phenomena  observed  in  the  tides.  The 
gradual  subsidence  of  the  waters  is  such  that  the  diminu- 
tions of  the  height  are  nearly  as  the  squares  of  the  times 
from  high  water.  The  same  may  be  said  of  the  subsequent 
rise  of  the  waters  in  the  next  flood.  The  time  of  low  wa- 
ter is  nearly  half  way  between  the  two  hours  of  high  water; 
not  indeed  exactly,  it  being  observed  at  Brest  and  Roche- 
foil  that  the  flood  tide  commonly  takes  ten  minutes  less 
than  the  ebb  tide. 

379.  As  the  different  phenomena  of  the  tides  are  chiefly 
distinguishable  by  the  periods,  or  intervals  of  time  in  which 
they  recur,  it  will  be  convenient  to  mark  those  periods  by 
different  names.  Therefore,  let  the  time  of  the  apparent 
diurnal  revolution  of  the  Moon,  viz.  24"  SO1,  be  called  a 
lunar  day,  and  the  24th  part  of  it  be  called  a  lunar 
hour.  To  this  interval  almost  all  the  vicissitudes  of  the 
tides  are  most  conveniently  referred.  Let  the  name  tidk 
day  be  given  to  the  interval  between  two  high  waters,  or 
two  low  waters,  succeeding  each  other  with  the  Moon  near- 
ly in  the  same  position.  This  interval  comprehends  two 
complete  tides,  one  of  the  full  seas  happening  when  the 
Moon  is  above  the  horizon,  and  the  next  when  she  is 
under  the  horizon.     We   shall  also  find  it  convenient  to 
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distinguish  these  tides,  by  calling'  the  first  the  sufbbio* 
tide,  and  the  other  the  infebiob  tide.  At  new  Moon 
they  may  be  called  the  Morning  and  Evening  tides. 

380.  2.  It  is  Dot  only  observed  that  we  always  have  high 
water  when  the  Moon  is  on  some  particular  point  of  the 
compass  (S.  W.  Dearly)  but  also  that  the  height  of  full  sea 
from  day  to  day  has  an  evident  reference  to  the  phases  of 
the  Moon.  At  Brest,  the  highest  tide  is  always  about  a 
day  and  a  half  after  full  or  change.  If  it  should  happen 
that  high  water  falls  at  the  very  time  of  new  or  full  Mood, 
the  third  full  sea  after  that  one  is  the  highest  of  all.  Thia 
is  called  the  speixg-tidk.  Each  succeeding  full  sea  is  less 
than  the  preceding,  till  we  come  to  the  thud  full  sea  after 
the  Moon's  quadrature.  This  is  the  lowest  tide  of  all,  and 
it  is  called  nkap-tide.  After  this,  the  tides  again  increase,' 
till  the  next  full  or  new  Moon,  the  third  after  which  is 
again  the  greatest  tide. 

381.  The  higher  the  tide  of  flood  rises,  the  lower  does 
the  ebb  tide  generally  sink  on  that  day.  The  total  mag- 
nitude of  the  tide  is  estimated  by  taking  the  differed*  be- 
tween high  and  low  water.  As  this  is  continually  varying, 
the  beat  way  of  computing  its  magnitude  seems  to  be,  to 
take  the  half  sum  of  two  succeeding  tides.  This  must  al- 
ways give  us  a  mean  value  for  the  tide  whqse  full  sea  was 
in  the  middle.  The  medium  spring-tide  at  Brest  -is  about 
nineteen  feet,  and  the  neap-tide  is  about  nine.  • 

Here  then  we  have  a  period  of  phenomena,  the  time  of. 
which  is  half  of  a  lunar  month,  This  period  comprehends 
the  most  important  changes,  both  in  respect  of  magnitude, 
and  of  the  hours  of  high  and  low  water,  and  several  modi- : 
fications  of  both  of  those  circumstances,  such  as  the  daily 
difference  in  height,  or  in  time.  .  ■■ 

36%.  3.  There  is  another  period,  of  nearly  twice  the  same 

duration,  which  greatly  modifies  all  those  leading  circum- . 

stances.     This  period  has  a  reference  to  the  distance  of  the 

Moon,  and  therefore  dependb  on  the  Moon's  revolution  in  . 

1 
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her  orbit  AH  the  phentnnM  are  increased  when  the 
Moot  is  nearer  to  the  Earth,  Therefore  the  highest 
spring-tide  is  observed  when  the  Moon  is  in  perigeo*  asai 
the  next  spring-tide  is  the  smaUsst,  because-  the  Moon  is 
then  nearly  in  apogeu.  Tkas  will  make  *  difference  at  3$ 
feet  from  the  madron  height  of  spring-tide  at  Brest,  and 
therefore  occasion  a  difference  of  Si  between  the  greatest 
and  the  least  It  is  etident  that  as  the  perigean  and  apo- 
gees situation  of  the  Moon  may  happen  in  every  part  of  a. 
lunation,  the  equation  for  the  height  of  tide  depending  upon 
this  circumstance  may'  often  rua  counter  to  the  equation 
corresponding  to  the  regular  monthly  series  of  odes,  and 
will  seemingly  destroy  their  regularity. 

983.  4,  The  Variation  in  th*  Sun's  distance  also  affects 
the  tides,  hut  not  nearly  so  much  as  those  in  the  distance 
of  the  Moon.  In  our  winter,  the  spring-tides  are  greater 
than  in  summer,  and  the  neap-tides  are  Entailer.. 

984.  5.  The  declination,  both  of  the  Smt  and  Moon, 
ejects  the  tides  remarkably  ;  but  the  effects  are  too  intri- 
cate to  be  distinctly  seen,  till  we  perceive  the  causes  on 
which  they  depend. 

380.  6.  All  the  phenomena  are  ales  modified  by  the  la. 
titude  of  the  place  of  observation ;  and  some  phenomena 
occur  in  the  high  latitudes,  which  are  not  seen  at  all  when 
the  place  of  observation  is  on  the  equator.  la  particular, 
when  the  observer  Is  in  north  latitude,  and  the  Moon  has 
north  declination,  that  tide  in  which  the  Moon  is  above  the 
horison  is  greater  than  the  .other  tide  of  the  same  day, 
whan  the  Moon  is  below  the  horison.  It  will  be  the  con- 
trary, if  either  the'  observer  or  the  Moon  (but  not  both) 
have  south  declination.  If  the  polar  distance  of  the  ob- 
server be  equal  to  the  Moon's  declination,  he  will  see  but 
one  tide  in  the  day,  containing  twelve  hours  flood  and 
twelve  hours  ebb. 

*86.  7.  To  all  this  rt  must  be  added,  that  local  circum- 
stances of  situation  alter  all  the  phenomena  remarkably, 
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so  M  frequently  to  leave  scarcely  any  circumstances  of  re- 
semblance, except  the  order  and  periods  in  which  the  va- 
■Mat)  phenomena  follow  one  another. 

We  iniwt  now  endeavour  to  account  far  these  remarkable 
movements  and  vicissitudes  in  the  waters  of  the  ocean. 

867.  Since  the  phenomena,  of.  the, planetary  motions  de- 
monstrate that  every  particle  of  matte*  in  this  globe  gravi- 
tates to  the  Bun,  and  since  they  are  at  various  distances 
from  bis  centre,  it  is  evident  that  they  gravitate  unequally T 
and  that,  from  this  inequality,  there  must  arise  a  disturb- 
ance of  that  equilibrium  which  terrestrial  gravitation  alone 
might  produce.  If  this  globe  be  supposed  either  perfectly 
fluid  and  homogeneous,  or  to  consist  of  a  spherical  nucleus 
covered  with  a  flam,  it  is  clear  that  the  fluid  must  assume 
a  perfectly  spherical  form,  and  that  in  this  form  alone 
every  particle  will-  be  in  equihbrio.  But  when  we  add  to 
the  forces  now  acting  on  the  waters  of  die  ocean,  their  un- 
equal gravitation  to  die  Bun,  this  equilibrium  is  disturbed, 
and  the  ocean  cannot  remain  in  this  form.  We  may  ap- 
ply to  the  particles  of  the  ocean  every  thing  that  we  for- 
merly said  of  the  gravitation  of  the  Moon  to  the  Sun  in  the 
different  points  of  her  orbit ;  and  the  same  construction  in 
Fig.  31,  that  gave  Us  a  representation  and  measure  of  the 
forces  which  deranged  the  lunar  motions,  may  be  employed 
for  giving  us  a  notion  of  the  manner  is  which  the  particles 
of  water  in  the  ocean  are  affected.  The  circle  OBCA 
may  represent  the  watery  sphere,  and  M  any  particle  of 
the  water.  The  central  particle  E  gravitates  to  the  Sun 
with  a  force  which  may  be  represented  by  E  S.  The  gra- 
vftation  of  the  particle  M  must  be  measured  by  MG-.  This 
force  M  <J  may  be  conceived  as  compounded  of  M  P,  equal 
and  parallel  to  E  S,  and  of  M  H.  The  force  M  F  occa- 
sions no  alteration  in  the  gravitation  of  M  to  the  Earth, 
add  M  H  is  the  only  disturbing  force.  We  found  that  this 
construction  may  be  greatly  simplified,  and  that  M I  may 
be  substituted  for  M  H  without  any  sensible  error,  because 
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it  never  differs  from  it  more  than  5  J3.  We  therefore  made 
EI,  in  Fig.  82,  as  8 M N,  and conaaWed  M  I  as  the  dis- 
turbing force.  This  construction  is  applicable  to  the  pre- 
sent question,  with  much  greater  accuracy,  because  the 
radius  of  the  Earth  is  but  the  sixtieth  part  of  that  of  the 
Moon'rorbit.  This  reduces  the  error  to  jj}vv,  a  quanti- 
ty altogether  insensible. 

388.  Therefore  let  OACB  (Fig.  45.)  be  the  terraque- 
ous globe,  and  C  S  a  line  directed  to  the  Sun,  and  B  E  A 
the  section  by  that  circle  whieh  separates  the  illuminated 
from  the  dark  hemisphere.  Let  F  be  any  particle,  whe- 
ther on  the  surface  or  within  the  mass.  Let  Q  F  N  be  per- 
pendicular to  the  plane  B A.  Make  E-I-3PN,«ad 
join  FI.  F I  is  the  disturbing  force,  when  the  line  ES  is 
taken  to  represent  the  gravitation  of  the  particle  E  to  the 
Sun.  This  force  F I  may  be  conceived,  to:  be  compounded 
of  two  forces  PJEandPQ.  P  E  tends  to  the- centre  of 
the  Earth-  I1  Q  tends  fronv  the  plane  B  A,  or  toward  the 
Sun.  vi 

If  this  construction  be. -made  for  every  particle  in.  the 
fluid  sphere,  it  is  evident ,  that  all  the  forces  P  E  balance 
one  another.  Therefore  they  need  not  be  considered  in 
the  present  question.  But  the  forces  F  Q  evidently  dimi- 
nish the  terrestrial  gravitation  of  every  particle.  At  C  the 
force  F  Q  acts  in  direct  opposition  to  the  terrestrial  gravity 
of  the  particle.  And,  in  the  situation,!*,,  it  cbrninshes  the 
gravity  of  the  particle  as  estimated  in  the  direction  P  N. 
There  is  therefore  a  forte  acting  in  the  direction  N  P  on 
every  particle  in  the  canal  P  N.  And  this  force  is  porpor- 
'tional  to  tbe  distance  of  the  particle  from  the  plane  B  A 
(tor  P  Q  is  always  =  3  F  N).  Therefore  the  water  in  this 
canal  cannot  remain  in  its  former  position,  its  equilibrium 
being  now  destroyed.  This  may  be  restored,  by  adding  to 
the  column  N  P  a  small  portion  Pj>,  whose  weight  may  com- 
pensate the  diminution  in  tbe  weight  of  tbe  column  N  P. 
A  similar  addition  may  be  made  to  every  such  column  per- 
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pendkuhu-  to  the  plane  BE  A.  This  being  supposed,  the 
spherical  figure  of  the  globe  will  be  changed  into  that  of  an 
elliptical  spheroid,  having  its  axis  in  the  line  O  C,  and  its 
poles  in  O  and  C. 

Without  making  this  addition  to  every  column  N  P,  we 
may  understand  how  the  equilibrium  may  be  restored  by 
the  waters  subsiding  all  around  the  circle  whose  section  is 
B  A,  and  rising  on  both  sides  of  it.  For  it  was  shewn  (SAO.) 
that  in  a  fluid  elliptical  spheroid  of  gravitating  matter,  the . 
gravitation  of  any  particle  F  to  all  the  other  particles  may 
be  resolved  into  two  forces  P  N  and  F  M  perpendicular  to 
the  plane  B  A  and  to  the  axis  0  C,  and  proportional  to 
F  N  and  F  M ;  and  that  if  the  forces  be  really  in  this  pro- 
portion, the  whole  will  be  in  equilibria,  provided  that  the 
whole  forces  at  the  poles  and  equator  are  inversely  as  the 
diameters  0  C  and  B  A.  Now  this  may  be  the  case  here. 
For  the  forces  superadded  to  the  terrestrial  gravitation  of 
any  particle  are,  1st,  A  force, PE  proportional  to  PE. 
When  this  is  resolved  into  the  directions  P  N  and  P  M, 
the  forces  arising  in  this-  resolution  are  as  P  N  and  P  M, 
and  therefore  in  the  due  proportion :  2d,  the  force  P  Q, 
which  is  also  as  P  N.  It  is  evident  therefore  that  this  mass 
may  acquire  such  a  protuberancy  at  O  and  C,  that  the 
force  at  O  shall  be  to  the  force  at  B  as  B  A  to  O  C,  or  as 
EAloEC.  We  are  also  taught  in  sect.  341.  what  this 
protuberance  must  be.  It  must  be  such  that  four  times 
the  mean  gravity  of  a  particle  on  the  surface  is  to  five  times 
the  disturbing  force  at  O  or  C  as  the  diameter  B  A  b  to 
the  excess  of  the  diameter  OC.  Thiselliptimty  is  ex- 
pressed by  the  same  formula  as  in  the  former  case,  viz. 
*  _  4f  _  EC  — EA. 
r '  ~  Sg?  ~        EC 

389-  Thus  we  have  discovered  that,  in  consequence  of 
tile  unequal  gravitation  of  the  matter  in  the  Earth  Co  the 
Sun,  the  waters  will  assume  the  form  of  an  oblong  eUipti- . 
cal  spheroid,  having  its  axis  directed  to  the  Sun,  and  its 
poles  in  those  points  of  the  surface  which  have  the  Sun  in 

Digitized  9y  C00g[e 


316  MIYSICAIi  *«BOSQMT. 

the  zenith  and  nadir.  There  the  waters  are  highest  above 
the  surface  of  a  sphere  of  equal  capacity ,  All  around  the 
«rcianfecen«9  BF-A,  the  waters  are  bqlow  the  natural 
level.  A  spectator  placed  on  this  circumference  sees  the 
Sun  hi  the  horiaon. 

W*  ean  tell  exactly  what  this  proturberaftce  £0  —  £  A 
must  be,  because  we  know  the  proportions  of  all  the  farces. 
Let  W  represent  the  terrestrial  gravitation,  or  the  weight 
of  the  particle  C,  and  G  the  gravitation  of  the  same  par- 
ticle to  the  Sun,  and  let  F  be  the  disturbing  force  acting 
ok  a  particle  at  C  or  at  O,  and  therefore  —  3  C  B.  Let 
S  and  £  be  the  quantity  of  natter  in  the  Sun  and  in  the 
Earth. 
Then  (Fig. 81.)  F  :  G  =  3CE:  C  G 

SCE-S    OGxE 

qs*    :   cb*   ■- 

CS'XCG'CW'  But>DecauseCS*:ES*  =  ES:CG, 
we  have  CS'xCGsES'xES,  =ES*.  Thwefera 
F  ;  W  =  ~i :  —j.      Now  E  :  S  =  I  :  3383*3,  and 

E  C  :  E  S  =  1  :  23668.     This  will  give  —  :  W7p  = 

1  :  1S77M41,  «  F  :  W. 

Finally,  4W;«F=CE:  CE  —  AE.  We  shall  find 
this  to  be  nearly  24£  inches. 

390.  Such  is  the  figure  that  this  globe  would  assume, 
had  it  been  originally  fluid,  or  a  spherical  nucleus  covered 
with  a  fluid  of  equal  density.  The  two  summits  of  the 
watery  spheroid  would  be  raised  about  two  feet  above  the 
equator  or  pbtce  of  greatest  depression. 

But  the  Earth  is  an  oblate  spheroid.  If  we  suppose  it 
covered,  to  a  moderate  depth,  with  a  fluid,  the  waters 
would  acquire  a  certain  figure,  which  hat  been  considered 


therefore  F:W=:- 


KibyGoOgle 


xxxoar  «r  the  mm.  817 

already.  Let  the  disturbing  force  of  the  Sua  act  do  this 
figure.  A  change  of  figure  must  be  produced,  and  the 
water*  aadcr  the  San,  and  those  in  nW  apposite  parts,  will 
he  elevated  above  their  natural  sartace,  and  the  ocean  will 
be  -depressed  on  the  drcataierenoe  BE  A.  It  is  plain, 
that  this  change  of  figure  trill  be  almost  the  same  in  every 
place  as  if  the  Earth  were*  sphere.  Par  the  difference 
between  the  oAoage  produced  by  the  Sun  »  disturbing  feme 
on  the  figure  of  the  fluid  sphere  or  fluid  spheroid,  arises 
solely  from  the  difference  in  the  gravitation  of  a  particle  of 
water  to  the  sphere  and  to  the  spheroid.  This  difference, 
m  any  part  -of  the  anrrace,  is  exceedingly  small ,  not  being 


in  the  change  produced  by  the  Sun  cannot  be  -—-  of  the 

whole  change.  Therefore,  since  it  is  from  (he  proportion 
at  the  disturbing  force  to  the  force  of  gravity  that  the  el- 
liptioty  is  determined,  it  fellows,  that  the  change  of  figure 
is,  to  all  sense,  the  same,  whether  the  Earth  'be  a  sphere 
or  a  spheroid  Whose  eccentricity  is  less  than  B|T. 

Let  us  suppose,  for  the  present,  that  the  watery  sphe- 
roid always  has  that  form  which  produces  an  -equilibrium 
in  alt  its  particles.  This  cannot  ever  be  the  case,  because 
some  time  mast  elapse  before  an  accelerating  force  can 
produce  any  finite  change  in  the  disposition  of  the  waters. 
But  the  contemplation  of  this  'figure  gives  us  the  most 
distinct  notion  of  the 'forces  that  are  in  action,  and  of  their 
effects ;  and  we  can  afterwards  state  the  difference  that 
mast  obtain,  because  the  figure  is  not  completely  at- 
tained. 

Supposing  it  really  attained,  it  follows,  that  the  ocean 
will  he  most  elevated  in  those  places  which  have  the  Sun 
in  the  zenith  or  nadir,  and  most  depressed  in  those  places 
where  the  Sun  is  seen  in  the  horizon.     While  the  Earth 
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turns  round  its  axis,  the  pole  of  the  spheroid  keeps  still 
toward  the  Sun,  as  if  the  waters  stood  still,  and  the  solid 
nucleus  turned  round  under  it.  The  phenomena,  may  per- 
haps be  easier  conceived  by  supposing  the  Earth  to  re- 
main at  rest,  and  the  Sun  to  revolve  round  it  in  24  hours 
from  east  to  west.  The  pole  of  the  spheroid  follows  bun, 
as  the  card  of  a  mariner's  compass  follows  the  magnet ; 
and  a  spectator  attached  to  one  part  of  the  nucleus  will  see 
all  the  vicissitudes  of  the  tide.  Suppose  the  Sun  in  the 
equinox,  and  the  observer  also  on  the  Earth's  equator, 
and  the  Sun  just  rising  to  him.  The  observer  is  then  in 
the  lowest  part  of  the  watery  spheroid.  As  the  Sun  rises 
above  the  horizon,  the  water  also  rises ;  and  when  the 
Sun  is  in  the  zenith,  the  pole  of  the  spheroid  has  now 
reached  the  observer,  and  the  water  is  two  feet  deeper 
than  it  was  at  sun-rise.  The  Sun  now  approaching  the 
western  horizon,  and  the  pole  of  the  ocean  going  along 
with  him,  the  observer  sees  the  water  subside  again,  and 
at  sun-set  it  is  at  the  same  level  as  at  sunrise.  As  the  Sun 
continues  his  course,  though  unseen,  the  opposite  pole 
of  the  ocean  now  advances  from  the. east,  and  the  observer 
sees  the  water  rise  again  by  the  same  degrees  as  in  the 
way  of  forming  a  good  guess  of  the  state  of  the  tide  is  to 
morning,  and  attain  the  height  of  two  feet  at  midnight, 
and  again  subside  to  its  lowest  level  at  six  o'clock  in  the 
following  morning. 

Thus,  in  24  hours,  he  has  two  tides  of  flood  and  two 
ebb  tides ;  high  water  at  noon  and  midnight,  and  low  water 
at  six  o'clock  morning  and  evening.  An  observer,  not  in 
the  equator,  will  see  the  same  gradation  of  phenomena  at 
the  same  hours ;  but,  the  rise  and  fall  of  the  water  will  not 
be  so  considerable,  because  the  pole  of  the  spheroid  passes 
his  meridian  at  some  distance  from  him.  If  the  spectator 
is  in  the  pole  of  the  Earth,  he  will  see  no  change,  because 
he  is  always  in  the  lowest  part  of  the  watery  spheroid. 

From  this  account  of  the  simplest  case,  we  may  infer, 
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that  the  depth  of  the  water,  or  its  change  of  depth,  de- 
pends entirely  on  the  shape  of  the  spheroid,  and  the  place 
of  it  occupied  by  the  observer. 

991.  To  judge  of  this  with  accuracy,  we  must  take  no- 
tice of  some  properties  of  the  ellipse  which  forms  the  meri- 
dian of  the  watery  spheroid.  Let  A  E  a  Q  (Fig.  46.)  re- 
present this  elliptical  spheroid,  and  let  B  £  6  Q  be  the  in- 
scribed sphere,  and  AGag  the  circumscribed  sphere. 
Also  let  D  F  if  be  the  sphere  of  equal  capacity  with  the 
spheroid.  This  will  be  the  natural  figure  of  the  ocean, 
undisturbed  by  the  gravitation  to  the  Sun. 

In  a  spheroid  like  this,  so  little  different  from  a  sphere, 
the  elevation  A  D  of  its  summit  above  the  equally  capa- 
cious sphere  is  very  nearly  double  of  the  depression  F  E 
of  its  equator  below  the  surface  of  that  sphere.  For 
spheres  and  spheroids,  being  equal  to  §  of  the  circum- 
scribing cylinders,  are  in  the  ratio  compounded  of  the  ra- 
tio of  their  equators  and  the  ratio  of  their  axes.  There- 
fore, trace  the  sphere  D  F  if  is  equal  to  the  spheroid 
AEaQ,  we  have  CF!  X  CD=  CE'  X  CA,  and 
CE,:CF*  =  CD:CA-  MakeCE:CF  =  CF:C*, 
then  CE  :  C*  =  CD  :  CA,  and  CE  :  E*  =  CD  :  DA, 
andCE:CD=E«:  DA.  Now  CE  does  not  differ 
sensibly  from  C  D  (only  eight  inches  in  near  4000  miles), 
therefore  E  *  may  be  accounted  equal  to  D  A  But  E  * 
is  not  sensibly  different  from  twice  E  F.  Therefore  the 
proposition  is  manifest. 

992.  In  such  an  elliptical  spheroid,  the  elevation  I L  of 
any  point  I  above  the  inscribed  sphere  is  proportional  to 
the  square  of  the  Conine  of  its  distance  from  the  pole  A, 
and  the  depression  K  I  of  this  point  below  the  surface  -of 
the  eweumacribed  sphere  is  as  the  square,  of  the,  pine  «f 
its  distance  from  the  pole  A.  Draw  through  the  point  J;, 
HIM  perpendicular  toCA,  sod  I  p  N  perpendicular,^ 
CE.     The  triangles  C  I  N  and  p  I  L  are  similar. 
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Therefore  pI;IL  =  CI:  IN,  =  ml  :  cob.  ICA 

but  by  the  ellipse  AB  :  pi  =  AC  ;  IN,  =  tad.  j  on*.  ICA 

therefore  AB  :  IL  =  md.1 :  cm.9  ICA 

and  IL  is  always  in  the  proportion  of  con.*,  ICA,  tnd  i» 

=  AB  x  cos.1,  ICA,  radius  bang  —  1. 

In  like  maimer,  HI  :  IK  =  CI  :  IM  =  red. :  am.  ICA 

and  GE  :  HI  =  EC ;  IM  =  rad.  :  sin.  ICA 

therefore  GB :  KI  «  red.* :  sin.1  ICA 

and  XI  is  —  AB  x  sin.*  ICA 

363.  We  must  only  know  the  elevations  and  depressions 
in  respect  of  the  natural  level  of  the  undisturbed  «*au. 
This  elevation  for  any  point  ■*  is  evidently  il  —  mtl=  AB  X 
C0S.**CA  —  i  AB  X  coaJ'iC  A  —  &,  and  the  depression 
itr  of  a  point  riakr  —  An  — AB  xsin.1  rCA —  I  AB, 
=  AB  x  un.'fGA  —  |. 

It  will  be  convenient  to  employ  a  symbol  for  expressing 
the  whole  difference  AB  or  G  E  between  high  and  Law 
-  water  produced  by  die  action  of  the  Son.     Let  it  be  ex- 
pressed by  the  symbol  S.     Also,  let  the  angular  distance 
from  the  summit,  or  from  the  Sun's  place,  be  «. 
The  elevation  m  i  is  =  S  x  cos.1  x  —  £  S. 
The  depression  nr  ia  —  S  x  -am.*  *  —  |  S. 
994.  The  spheroid  intersects  the  equirapcrious  srlwre  in 
a  point  so  situated,  that  S  x  cob.1  x —  j,  S  —  O,  that  is, 
where  cos.*  c  =  L     This  is  64*  44'.  from  the  pot  of  the 
spheroid,  and  35°  16'  from  ks  equator,  a  situation  that 
has  several  remarkable  physical  properties.     We  hove  aL- 
ready  seen,  -(588 .)  that  on  dns  part  of  the  surface  tthe  gra- 
vitation is  the  same  as  if  it  were  really  a  perfect'  sphere. 

395.  The  ocean  isnade  to  assume  en  eccentric  form, 
net  only  by  4te  unequal  gravrtatian  of  its  waters  to  the 
San,  but  nlso  'by  their  much  more  raeqeal  gravitation  to 
the  Moon ;  and  although  her  quantity  of  matter  is  very 
small  indeed,  when  compared  with  the  Sun,  yet  being  al- 
most 400  times  nearer,  the  inequality  of  gravitation  is  in- 
creased almost  400X400x400  times,  and  may  therefore 
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produce  a,  sensible  effect*  We  cmnnot  help  presuming 
that  it  doe*,  because  the  vicissitudes  of  the  tides  have  a 
most  distinct  reference  to  the  position  of  the  Moon.  With- 
out going  over  the  same  ground  again,  it  is  plain  that  the 
waters  will  be  accumulated  nmfop  the  Moos,  and  in  the 
opposite  part  of  the  spheroid,  in  the  same  manner  as  they 
are  affected  by  the  Sun's  action. 

Therefore,  let  M  represent  the  elevation  of  the  pole  of  the 
spheroid  above  the  equieapacious  sphere  that  is  produced 
by  the  unequal  gravitation  to  the  Moon,  and  let  y  be  the 
angular  distance  of  any  part  of  this  spheroid  from  its  pole. 
We  shall  then  have 

The  elevation  of  any  point  —  Mx  cos.'y  — JM. 
The  depression  —  M  x  sin.'y  —  }M. 

896.  In  consequence  of  the  simultaneous  gravitation  to 
both  luminaries,  the  ocean  must  aatame  a  form  differing 
from  both  of  these  regular  spheroids.  It  is  a  figure  of 
difficult  investigation ;  but  all  tbat  we  are  concerned  in 
may  be  determined  with  sufficient  accuracy  by  means  of 
the  following  considerations : 

We  have  seen,  that  the  change  of  figure  induced  on  the 
spheroidal  ocean  of  the  revolving  globe  is  nearly  the  same 
as  if  it  were  induced  on  a  perfect  sphere.  Much  more 
securely  may  we  say,  that  the  change  of  figure,  induced  on 
the  ocean  already  disturbed  by  the  Sun,  is  the  same  that 
the  Moon  would  have  occasioned  on  the  undisturbed  re- 
volving spheroid.     We  may  therefore  suppose,  without 


*  The  distance  of  the  Sun  being  about  399  times  that  of  the 
Moon,  and  the  quantity  of  matter  in  the  Sun  about  338000  times 
that  in  the  Earth,  if  the  quantity  of  matter  in  the  Moon  were  equal 
to  that  in  the  Earth,  her  accumulating  force  would  be  178  times 
greater  than  that  of  the  Sun.  We  ihall  tee  that  it  is  nearly  «|  times 
greater.  From  which  we  should  infer,  that  the  quantity  of  matter 
in  the  Moon  ia  nearly  ,\  of  that  in  the  Earth.  This  seem*  the  beat 
information  that  we  have  on  this  subject. 
Vol.  III.  X 
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any  sensible  error,  that  the  change  produced  in  ajiy  part 
of  the  ocean  by  the  joint  action  of  the  two  luminaries  is 
the  sum  or  the  difference  of  the  changes  which  they  would 
have  produced  separately. 

S97.  Therefore,  since  the  poles  of  both  spheroids  are  in 
those  parts  of  the  ocean  which  have  the  Sun  and  the  Moon 
in  the  zenith,  it  follows,  that  if  *  be  the  zenith  distance  of 
the  Sun  from  any  place,  and  y  the  zenith  distance  of  the 
Moon,  the  elevation  of  the  waters  above  the  natural  sur- 
face of  the  undisturbed  ocean  will  be  S  x  cos.*  x  —  \  S  + 
M  x  cos.*  y  —  £  M.  And  the  depression  in  any  place 
will  be  S  X  sin.1  x  —  f  S  +  M  x  sin.!  y-|M.  This 
may  be  better  expressed  as  follows : 

Elevation    =Sx  cos.* *  +  M  X cos.' y  —  J S  +  M. 
Depression  =  S  X  sin.1  *  +  M  X  sin.*  y  —  |  S  +  M. 

998.  Suppose  the  Sua  and  Moon  to  be  in  the  same  part 
of  the  heavens.  The  solar  and  lunar  tides  will  have  the 
same  axes,  poles,  and  equator,  the  gravitations  to  each 
conspiring  to  produce  a  great  elevation  at  the  combined 
pole,  and  a  great  depression  all  round  the  common  equa- 
tor. The  elevation  will  be  J  S  +  M,  and  the  depression 
will  be  £~S+~M.  Therefore  the  elevation  above  the  in- 
scribed sphere  (or  rather  the  spheroid  similar  and  similar- 
ly placed  with  the  natural  revolving  spheroid)  will  be 
S  +  M. 

399.  Suppose  the  Moon  in  quadrature  in  the  line  EDM 
(Fig.  47.)  It  is  plain,  that  one  luminary  tends  to  pro- 
duce an  elevation  above  the  equicapacious  .sphere  AO  B  C, 
in  the  point  of  the  ocean  A  immediately  under  it,  where 
the  other  tends  to  produce  a  depression,  and  therefore  their 
forces  counteract  each  other.  Let  the  Sun  be  in  the  hue 
ES. 

The  elevation  at     S  =  S  —  J  S  +  M,  =  |  S  —  8  M. 
The  depression  at  M  =  S  —  |S  +  M,  —  JS—  8  M. 
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The  elevation  at  S  above  the  inscribed  spheroid  =;  S  —  M. 
The  elevation  it  M  above  the  same  =  M  —  S. 

Hence  it  is  evident,  that  there  will  be  high  water  at  M 
or  at  S,  when  the  Moon  is  in  quadrature,  according  as  the 
accumulating  force  of  the  Moon  exceeds  or  falls  short  of 
that  of  the  Sun.  Now,  it  is  a  matter  of  observation,  that 
when  the  Moon  is  in  quadrature,  it  is  high  water  in  the 
open  seas  under  the  Moon,  and  low  water  under  the  Suiij 
or  nearly  so.  This  observation  confirms  the-  conclusion 
drawn  from  the  nutation  of  the  Earth's  axis,  that  the  dis- 
turbing force  of  the  Moon  exceeds  that  of  the  Sun.  This 
criterion  has  some  uncertainty,  owing  to  the  operation  of 
local  circum stances,  by  which  it  happens,  that  the  summit 
of  the  water  is  never  situated  either  under  the  Sun  or  un- 
der the  Moon.  But  even  in  this  case,  we  find  that  the 
high  water  is  referable  to  the  Moon,  and  not  to  the  Sun. 
It  is  always  six  hours  of  the  day  later  than  the  high  water 
at  full  or  change.  This  corresponds  with  the  elongation 
of  the  Moon  six  hours  to  the  eastward.  The  phenomena 
of  the  tides  shew  further,  that,  at  this  time,  the  waters 
under  the  Sun  are  depressed  below  the  natural  surface  of 
the  ocean.  This  shews  that  M  is  more  than  twice  as  great 
IBS. 

400.  When  the  Moon  has  any  other  position  besides 
these  two,  the  place  of  high  water  must  be  some  interme- 
diate position.  It  must  certainly  be  in  the  great  circle 
passing  through  the  simultaneous  places  of  the  two  lumi- 
naries. As  the  place  and  lime  of  high  and  low  water,  and 
the  magnitude  of  the  elevation  and  depression,  are  the 
roost  interesting  phenomena  of  the  tides,  they  shall  be  the 
principal  objects  of  our  attention. 

The  place  of  high  water  is  that  where  the  sum  of  the 
elevations  produced  by  both  luminaries  above  the  natural 
surface  of  the  ocean  is  a  maximum.  And  the  place  of  low 
water,  in  the  great  circle  passing  through  the  Sun  and 
Moon,  is  that  where  the  depression  below  the  natural  level 
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of  the  ocean  is  a  maximum.  Therefore,  in  order  to  hart 
the  place  of  high  water,  we  must  find  where  8  X  cos.*  *  -f 
M  Xcos.'y —  $  S  +  M  is  a  maximum.  Or,  since  &S+M 
is  a  constant  quantity,  we  must  find  where  g  x  cos.1  x  + 
M  x  cos.*  y  is  a  maximum.  Now,  accounting  the  tabular 
sines  and  cosines  as  fractions  of  radius,  =:  1,  we  have 
Cos.»*=i  +icos.  8* 
and         Cob. * y  =  i  +£  cos.  Sy. 

For  let  ABSD  (Fig.  48.)  be  a  circle,  andAH,  BD 
two  diameters  crossing  each  other  at  right  angles.  De- 
scribe on  the  semidiameter  C S  the  small  circle  CmSs, 
having  its  centre  in  d.  Let  H  C  make  any  angle  x  with 
C  S,  and  let  it  intersect  the  small  circle  in  A.  Draw  d  h, 
S  A,  producing  S  h  till  it  meet  the  exterior  circle  in  t,  and 
join  As,  C  /.  Lastly,  draw  A o  and  » r  perpendicular  to 
CS. 

S  A  is  perpendicular  to  C  A,  and  C  S :  C  h  =  rad. :  cos. 

HC8,andCS;Co=R*:cos.tHCS.    TheangleSC* 

is  evidently  =2  SCH  =  SdA  and  Ar  =  SCo.     Now, 

ifCSbe=l;Cr  =  cos.*8*;  Ar  =  l+cos.8*.    Tbere- 

foreCo=4+}cos,2ir.  In  like  maimer,  c<3s.iy—\-\-\con.%y 

„,      ,                    .  .          SSxcos.2*M 
Therefore  we  must  have  -g-  +  5 +  —  + 

Mxcos.  2y  ,     ■         , 

3 -    a   maximum;    or,   neglecting  the   constant 


S  x  cos.  2  *  +  M  X  cos.  1y  a  e 

Let  ABSD  (fig.  «.)  be  now  a  great  circle  of  the 
Earth,  passing  through  those  points  S  and  M  of  its  surface 
which  have  the  Sun  and  the  Moon  in  the  zenith.  Draw 
the  diameter  S  C  A,  and  cross  it  at  right  angles  by  B  C  D. 
Let  S  d  be  to  d  a  as  the  accumulating  force  of  the  Moon  - 
to  the  accumulating  force  of  the  Sun,  that  is,  as  M  to  S, 
which  proportion  we  suppose  known.  Draw  C  M  in  the 
direction  of  the  Moon's  place.  It  will  cut  the  small  circle 
1 
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i  A  some  pMBl  **.  Join  nt  o.  Let  H  be  any  point  of  the 
surface  of  the  ocean.  Draw  C  H,  cutting  the  small  circle 
in  h.  Draw  the  diameter  A  dk'.  Draw  m  t  and  a*  per- 
pendicular to  A  A',  and  ay  parallel  to  A  A',  and  join  m  d. 
Alio  draw  the  chords  n  A  and  m  ht. 

In  this  construction,  m  d  and  da  represent  M  and  S,  the 
angle  MCH  =y,  and  S  C  H  =  *.  It  is  farther  manU 
festthat  the  angle  mdh  =  2mCh,  =2y,  and  that  dt 
=-Mx<xm.  «#.  In  like  manner,  AdS  -2H  CS,  --« 
*,  andd*  =  daxoos.2«,  =9xcos. 2*.  Therefore  ** 
a»=8  x cos.  2 *  +  M  x  cos.2y.  Moreover  t*=ay,  and  is 
a  m»imtipn  when  ay  is  a  maximum.  This  must  happen 
when  ay  coincides  with  am,  that  is,  when  A d  is  parallel 
to  am. 

Hence  may  be  derived  the  following  construction  i 

Let  A  M  S  (fig.  4&.)  be,  as  before,  a  great  circle,  whose 
plane  passes  through  the  Sun  and  the  Moon.  Let  S  and 
M  be  those  points  which  have  the  Sun  and  the  Moon  in 
the  zenith.  Describe,  as  before,  the  circle  CwS,  cutting 
CMintn.  Make  S  d :  da  =  M :  S,  and  join  m  a.  Then, 
for  the  place  of  high  water,  draw  the  diameter  kdh'  paral- 
lel to  ma,  cutting  the  circle  CmS  in  A.  Draw  CAH, 
cutting  the  surface  of  the  ocean  in  H  and  H'.  Then  H 
and  H'  are  the  places  of  high  water.  Also  draw  C  A',  cut- 
ting the  surface  of  the  ocean  in  L  and  L'.  L  and  L'  are 
the  places  of  low  water  in  this  circle. 

For,  drawing  m  t  and  a  x  perpendicular  to  A  A',  it  is 
plain  that  t  x  =  M  X  cos.  2y  +  S  X  cos.  2  x.  And  what 
was  just  now  demonstrated  shews  that  tx  is  in  its  maxi- 
mum state.  Also,  if  the  angle  L  C  S  =  w,  and  LCM  = 
*,  it  is  evident  that  d*  x  =  S  x  cos.  a  d  x,  =  S  X  cos.  A'  d  S, 
=  Sxcos.  2ft'CS,  =Sxcos.  2LCS,  =Sxcos.  2«; 
and,  in  like  manner,  *  d  =  M  X  cos.  2  z ;  and  therefore  t  x 
-~  S  x  cos.  2  u  +  M  X  cos.  2  z,  and  it  is  a  maximum. 

It  is  plain,  independent  of  this  construction,  that  the 
places  of  high  and  low  water  are  90°  asunder ;  for  the  two 
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hemisphere*  of  the  ocean  must  be  similar  and  equal,  and 
the  equator  must  be  equidistant  from  its  poles. 

401.  Draw  df  perpendicular  to  ma.  Then,  ii'dSbe 
taken  to  represent  the  whole  tide  produced  by  the  Moon, 
that  is,  the  whole  difference  in  the  height  of  high  and  low 
water,  ma  will  represent  the  compound  tide  at  H,  or  the 
difference  between  high  and  low  water  corresponding  to 
that  situation  of  the  place  H  with  respect  to  the  Sun 
and  Moon,  mf  will  be  the  part  of  it  produced  by  the 
Moon,  and  of  the  part  produced  by  the  Sun. 

For  the  elevation  at  H  above  the  natural  level  is  S  x 
eos.1*—  I  +  M  x  coa.*y  —  J,  and  the  depression  below  H 
at  L  ts  Sxsin.*u — J  +  MxBin.,t — |.  Butain.*u=; 
cos.1*,  and  sin.*  z  =  cos.*  y.  Therefore  the  depression  at 
Lis  SXcos.'*  —  f  +  Mxcos/y  —  j.  The  sum  of  these 
makes  the  whole  difference  between  high  and  low  water,  or 
the  whole  ode.  Therefore  the  tide  is  =  S  x  8  cos.' a:  —  1 
+  tAxtcoa.'jf  —  1.  But  8  cos.*  *  —  l  =  cos.2ar,  and  2 
cos.*y —  l=cos.  fty.  Therefore  the  tide  =  Sxcos.  J* 
+  M  x  cos.  Sty.  Now  it  is  plain  that  mf=  m  dcos.  dmj"t 
and  that  the  angle  dmf=mdh,  =2mCh,  —  ly.  There- 
fore mdx  cos.  dmf=  M  X  cos.  t  y.     In  like  manner  af 

= s  x  cos.  a  *. 

The  point  a  must  be  within  or  without  the  circle  C«S, 
according  as  M  is  greater  or  leas  than  S,  that  is,  according 
as  the  accumulating  force  of  the  Moon  is  greater  or  less 
than  that  of  the  Sun.  It  appears  also  that,  in  the  first 
case,  H  will  be  nearer  to  M,  and  in  the  second  case,  it  will 
be  nearer  to  S. 

Thus  have  we  given  a  construction  that  seems  to  express 
all  the  phenomena  of  the  tides,  as  they  will  occur  to  a  spec- 
tator placed  in  the  circle  passing  through  those  points  which 
have  the  Sun  and  Moon  in  the  zenith.  It  marks  the  dis- 
tance of  high  water  from  those  two  places,  and  therefore, 
if  the  luminaries  are  in  the  equator,  it  marks  the  time  that 
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will  elapse  between  the  passage  of  the  Sun  or  Moon  over 
the  meridian,  and  the  moment  of  high  water.  .  It  also  ex- 
presses the  whole  height  of  the  tide  of  that  day.  And,  as 
the  point  H  may  be  taken  without  any  reference  to  high 
water,  we  shall  then  obtain  the  state  of  the  tide  for  that 
hour,  when  it  is  high  water  in  its  proper  place  H.  By 
considering  this  construction  for  the  different  relative  posi- 
tions of  the  Sun  and  Moon,  we  shall  obtain  a  pretty  dis- 
tinct notion  of  the  series  of  phenomena  which  proceed  in 
regular  order  during  a  lunar  month, 

402.  To  obtain  the  greater  simplicity  in  our  first  and 
most  general  conclusions,  we  shall  first  suppose  both  lumi- 
naries in  the  equator.  Also,  abstracting  our  attention  from 
the  annual  motion  of  the  Sun,  we  shall  consider  only  the 
relative  motion  of  the  Moon  in  her  synodical  revolution, 
stating  the  phenomena  as  they  occur  when  the  Moon  baa 
got  a  certain  number  of  degrees  away  from  the  Sun;  and 
we  shall  always  suppose  that  the  watery  spheroid  has  at- 
tained the  form  suited  to  its  equilibrium  in  that  situation 
of  the  two  luminaries.  The  conclusions  will  frequently 
differ  much  from  common  observation.  But  we  shall  af- 
terwards find  their  agreement  very  satisfactory.  The  read- 
er is  therefore  expected  to  go  along  with  the  reasoning  em- 
ployed in  this  discussion,  although  the  conclusions  may  fre- 
quently surprise  him,  being  very  different  from  his  most 
familiar  observations.  » 

403.  1.  At  new  and  full  Moon,  we  shall  have  high 
water  at  noon,  and  at  midnight,  when  the  Sun  and  Moon 
are  on  the  meridian.  For  in  this  case  C  M,  amt  C  S,  d  A, 
C  H,  all  coincide. 

404.  2.  When  the  Moon  is  in  quadrature  in  B,  the 
place  of  high  water  is  also  in  B,  under  the  Moon,  and  this 
happens  when  the  Moon  is  on  the  meridian.  For  when 
M  C  is  perpendicular  to  C  S,  the  point  m  coincides  with  C, 
am  with  a  C,  anddA  with  d  C. 

405.  3.  While  the  Moon  passes  from  a  syzigy  to  the 
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tiext  quadrat ure,  the  place  of  high  voter  fblhiws  the  Moon's 
place,  keeping  to  the  westward  of  it  It  overtakes  the 
Mooii  in  the  quadrature,  gets  to  the  eastward  of  the  Moon, 
(as  U  is  represented  at  M*H*,  by  the  same  construction), 
preceding  her  while  she  passes  forward  to  the  next  syrigy, 
in  A,  where  it  is  overtaken  by  the  Moon's  place.  For 
while  M  is  in  the  quadrant  SB,  or  A D,  the  point  A  is  in 
the  arch  S  tn.  But  when  M  is  in  the  quadrant  B  A  or 
I>  S,  ft*  is  without  or  beyond  the  arch  S  tn1  (counted  eaai- 
ward  from  from  S.)  Therefore,  daring  the  first  and  thud 
quarters  of  the  lunation,  we  have  high  water  after  noon  or 
midnight,  but  before  the  Moon's  southing.  But  in  the  second 
and  fourth  quarters,  it  happens  after  the  Moons  southing. 

408.  4.  Since  the  place  of  high  water  coincides  with 
the  Moon's  place  both  in  sysigy  and  the  following  quadra- 
ture, and  in  the  interval  is  between  her  and  the  Sun,  it  fol- 
lows that  it  must,  during  the  first  and  third  quarters,  be 
gradually  left  behind,  for  a  while,  and  then  must  gain  on 
the  Moon's  place,  and  overtake  her  in  quadrature.  There 
must  therefore  be  a  certain  greatest  distance  between  the  place 
of  the  Moon  and  that  of  high  water,  a  certain  maximum  of 
the  angle  M  C  H.  This  happens  when  H'  C  S  is  exactly 
45°.  For  then  h'  d  S  is  90°,  m'  a  is  perpendicular  to  a  S, 
and  the  angle  am' d  is  h  maximum.   Now  a tn' d  =s wf  d a', 

407.  When  things  are  in  this  state,  the  motion  of  high 
water,  or  its  separation  from  the  Sun  to  the  eastward,  is 
equal  to  the  Moon's  easterly  motion.  Therefore,'  at  new 
and  full  Moon,  it  must  be  slower,  and  at  the  quadratures 
it  must  be  swifter.  Consequently,  when  the  Moon  is  in 
the  octant,  45°  from  the  Sun,  the  interval  between  two  suc- 
cessive southings  of  the  Moon,  which  is  always  24"  Off 
nearly,  must  be  equal  to  the  interval  of  the  two  concomi- 
tant or  superior  high  waters,  and  each  tide  must  occupy 
12"  £5',  the  half  of  a  lunar  day.  But  at  new  or  full 
Moon,  the  interval  between  the  two  successive  high  waters 
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mm  be  lew  than  1«*  SB',  and  in  the  quadrature*  it  must. 
be  more. 

408.  The  tide  day  must  be  equal  to  the  lunar  day  only 
when  the  high  inter  la  in  the  octants.  It  must  be  shorter 
at  new  and  fall  Moon,  and  while  the  Mood  is  passing  from 
the  second  Octant  to  the  third,  and  from  the  fourth  to  the 
first  And  it  must  exceed  a  lunar  day  while  the  Moon 
passes  from  the  first  octant  to  the  second,  and  from  the 
third  to  the  fourth.  The  tide  day  is  always  greater  than  a 
solar  day,  or  twenty-four  hours.  For,  while  the  Sun  makes- 
one  round  of  the  earth,  and  is  again  on  the  meridian,  the 
Moon  has  got  about  13°  east  of  him,  or  8M  is  nearly  18* 
and  8  H  is  nearly  9°,  so  that  the  Sun  must  pass  the  meri- 
dian about  95  or  86  minutes  before  it  is  high  water.  Such 
is  the  law  of  the  dally  retardation  called  the  priming  or 
lagging  of  the  tides.  At  new  and  full  Moon  it  is  nearly 
35",  and  at  the  quadratures  It  is  8/)',  so  that  the  tide  day 
at  new  and  fall  Moon  is  24*  35',  and  m  the  quadratures  it 
is  25"  25'  nearly. 

Our  construction  gives  us  the  means  of  ascertaining  this 
circumstance  of  the  tides,  or  interval  between  two  succeed- 
ing full  seas,  and  it  may  be  thus  expressed  i 

409.  The  synodical  motion  of  the  Moon  is  to  the  syno- 
dical  motion  of  the  high  water  as  «  a  to  mf.  For,  take  a 
point «  very  near  to  m.  Draw  ua  and  u  d,  and  draw  di 
parallel  to  au,  and  with  the  centre  a,  and  distance  au, 
describe  the  arch  a  v,  which  may  be  considered  as  a  straight 
line  perpendicular  to  ma,  Then  u m  and  i  A  are  respect- 
ively equal  to  tile  motions  of  M  and  H  (though  they  sub- 
tend twice  the  angles.  The  angles  a  u  v,  d  u  m,  are  equal, 
being  right  angles.  Therefore  muv  =  attd,  =amd, 
and  the  triangles  m  u  v,  d  mf,  are  similar,  and  the  angles 
warn,  idh  are  equal,  and  therefore 
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ma 
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When  m  coincides  with  S,  that  is,  at  new  or  full  Moon, 
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ma  coincides  with  So,  and  as/with  Si  But  when m 
coincides  with  C,  that  is,  in  the  quadratures,  m  a  coincide* 
with  Co,  and  at/with  C  d. 

410.  Hence  it  is  easy  to  see,  that  the  retardation  of  the 
tides  at  new  and  full  Moon  is  to  the  retardation  in  toe  qua- 
dratures as  C  a  to  S  a,  that  is  as  M  +  S  to  M  —  S. 

When  the  high  water  is  in  the  octant,  ma  it  perpendi- 
cular to  S  a,  and  therefore  a  andy  coincide,  and  the  syno- 
dical  motion  of  the  Moon  and  of  high  water  are  the  same, 
as  has  been  already  observed. 

X*t  us  now  consider  the  elevations  of  the  water,  and  the 
magnitude  of  the  tide,  and  its  gradual  variation  in  the 
course  of  a  lunation.     This  is  represented  by  the  line  m  a. 

411.  This  series  of  changes  is  very  perceptible  in  our 
construction.  At  new  and  full  Moon,  m  a  coincides  with 
So;  and  in  the  quadratures,  it  coincides  with  Co.  There- 
fore, the  spring-tide  is  to  the  neap-tide  as  SatoCu,  that 
is,  asM+StoM  —  8.  From  new  or  full  Moon  the  tide 
gradually  lessens  to  the  time  of  the  quadrature.  We  also 
see  that  the  Sun  contributes  to  the  elevation  by  the  part 
af,  till  the  high  water  is  in  the  octants,  for  the  rjoint/'lies 
between  m  and  a.  After  this,,  the  action  of  the  Sun  dimi- 
nishes the  elevation,  the  point/ then  lying  beyond  a. 

412.  The  momentary  change  in  the  height  of  the  whole 
tide,  that  is,  in  the  difference  between  the  high  and  low 
water,  is  proportional  to  the  sine  of  twice  the  arch  M  H. 
It  is  measured  by  df  in.  our  construction.  For,  let  in  u  be 
a  given  arch  of  the  Moon's  eynodical  motion,  such  as  a  de- 
gree. Then  m  v  is  the  difierence  between  the  tides  m  a 
and  u  o,  corresponding  to  the  constant  arch  of  the  Moon's 
momentary  elongation  from  the  Sun.  The  similarity  of 
the  triangles  muv  and  m df  gives  v&mv:mv  =  md:  df. 
Now  m  u  and  m  d  are  constant.  Therefore  m  r  is  propor- 
tional to  df,  and  md:  d/*=rad.:  sin.  d  mff  =  sin.  mdh, 
=  sin.«MCH. 

Hence  it  follows  that  the  diminution  of  the  tides  is  most 
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rapid  when  the  high  water  is  in  the  octant*.  This  will  be 
found  to  be  the  difference  between  the  twelfth  and  thir- 
teenth tides,  counted  from  new  or  full  Moon,  and  between 
the  seventh  and  eighth  tides  after  the  quadratures.  If  m  u 
be  taken  =  |  the  Moon's  daily  elongation  from  the  Sun, 
which  is  6°  SC  nearly,  the  rule  will  give,  with  sufficient 
accuracy,  i  the  difference  between  the  two  superior  or  the 
two  interior  tides  immediately  succeeding.  It  does  not 
give  the  difference  between  the  two  immediately  succeed- 
ing tides,  because  they  are  alternately  greater  and  leaacr, 
as  will  appear -afterwards. 

413.  Having  thus  given  a  representation  to  the  eye  of 
the  various  circumstances  of  these  phenomena  in  this  simple 
case,  it  would  be  proper  to  shew  how  all  the  different  quan- 
tities spoken  of  may  be  computed  arithmetically.  The 
simplest  method  for  this,  though  perhaps  not  the  most  ele- 
gant, seems  to  be  the  folio  wing  i 

In  the  triangle  m  da,  the  two  sides  m  d  and  d  a  are  given, 
and  the  mntaiiwd  angle  mda,  when  the  proportion  of  the 
forces  M  and  S,  and  the  Moon's  elongation  M  CS  are  given. 
Let  this  angle  m  da  be  called  a.     Then  make  M  +  S : 

H  —  S  =  tan.,  a  ■.  tan.  b.    Then  y  =  —3— ,  and  *  =-3-- 

For  M-f-S  :  M  —  S  =  «d  +  da  :  md  —  da,  ae  tan. 
mad+amd  mad  —  amd  2*  +  2y     . 

%X—~  2l/  —  ...  —     -  -       „ 

£ — -,  =  tan.  x+y :  tan.  * — y  =z  tan., a:  tan.  0.  Now 

»+y  +  «— y  =  2  *  and  x+y  —  *— y  =  2  y.    There- 

a  +  b 
fore  0  +  0  =  8' and  a  —  b  =  iyyaaix  =  ;  „   >andy  = 

«— b 

2   " 

414.  It  is  of  peculiar  importance  to  know  the  greatest 
separation  of  the  high  water  from  the  Moon.  This  hap- 
pens when  the  high  water  U  in  tb*  octant    In  this  situs- 
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tioil  it  i*  plain  that  m'  d:do,  that  is,  M :  S,  ofc  nd. :  sift. 

dm' a,  erad.  :na>  2y,  and  therefore  sin.  2  y  =  -jr;-  Hence 

2y  and  y*  are  found. 

415.  It  is  manifest  that  the  applicability  of  this  oouatruc- 
tion  to  the  explanation  of  the  phenomena  of  the  tides  depends 
chiefly  on  the  proportion  of  Sd  to  da,  that  is,  the  propor- 
tionof  the  accumulating  force  of  the  Moon  to  that  of  the 
Suit.  This  constitutes  the  species  of  the  triangle  m  d  a,  on 
which  every  quantity  depends.  The  question  now  is,  What 
is  this  proportion  P  Did  we  know  the  quantity  of  matter 
in  the  Moon,  it  would  be  decided  in  a  minute.  The  only 
observation  that  can  give  us  any  information  on  this  sub- 
ject is  the  nutation  of  the  Earths  axis.  This  gives  at  once 
the  proportion  of  the  disturbing  forces.  But  the  quanti- 
ties  observed,  the  deviation  of  the  Earth's  axis  from  its  uni- 
form conical  motion  round  the  pole  of  the  ecliptic,  and 
the  equation  of  the  precession  of  the  equinoctial  points  are 
much  too  small  for  giving  us  any  precise  knowledge  of  this 
ratio. 

Fortunately,  the  tides  themselves,  by  the  modification 
which  their  phenomena  receive  tram  the  comparative  mag- 
nitude of  the  forces  in  question,  give  us  means  of  discover- 
ing the  ratio  of  S  to  M.  The  most  obvious  circumstance 
of  this  nature  is  the  magnitude  of  the  spring  and  neap-tides. 
Accordingly,  this  was  employed  by  Newton  in  his  theory  of 
the  tides.  He  collected  a  number  of  observations  made  at 
Bristol  and  at  Plymouth,  and,  stating  the  spring-tide  to 
the  neap-tide  asM-fStoM  —  S,  he  said  that  the  force 
of  the  Moon  in  raising  the  tide  is  to  that  of  the  Sun  nearly 
as  4£  to  1.  But  it  was  soon  perceived  thai  this  was  a  very 
uncertain  method.  For  there  are  scarcely  any  two  places 
where  the  proportion  between  the  spring-tide  and  the  neap- 
tide  is  the  same,  even  though  the  places  be  very  near  each 
other.  This  extreme  discrepancy,  while  the  proportion  was 
observed  to  be  invariable  for  any  individual  place,  shewed 
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that  it  was  not  the  theory  that  tu  in  fault,  but  that  the 
local  circumstances  of  situation  were  such  as  affected  very  dif- 
feretitly  tides  of  different  magnitudes,  and  thus  changed  their 
proportion.  It  was  not  till  the  noble  collection  of  observa- 
tions was  mads  at  Brest  and  Rochefort  that  the  philosopher 
could  assort  sad  combine  the  immense  variety  of  heights 
and  times  of  the  tides,  so  as  to  throw  them  into  classes  to 
be  compared  with  the  aspect  of  the  Sun  and  Moon  accord- 
ing to  the  Newtonian  theory.  M.  Cassini,  and,  after  bin), 
M.  Daniel  Bernoulli,  made  this  comparison  with  great 
care  and  discernment ;  and  on  die  authority  of  this  com- 
parison, M.  Bernoulli  has  founded  the  theory  and  explana- 
tion contained  in  his  excellent  Dissertation  on  the  Tides, 
which  shared  with  M'Laurin  and  Euler  the  prise  given 
by  the  Academy  of  Paris  in  17+0. 

M.  Bernoulli  employs  several  circumstances  of  the  tide* 
for  ascertaining  the  ratio  of  M  to  8.  He  employs  the  law 
of  the  retardation  of  the  tides.  This  has  great  advantages 
over  the  method  employed  by  Newton.  Whatever  are  the 
obstructions  or  modifications  of  the  tides,  they  will  operate 
equally,  or  nearly  so,  on  two  tides  that  are  equal,  or  nearly 
equal.  This  is  the  case  with  two  succeeding  tides  of  the 
same  kind. 

The  Moon's  mean  motion  from  the  Sun,  in  time,  is 

about  50$  minutes  in  a  day.     The  smallest  retardation,  in 

the  vicinity  of  new  and  full  Moon,  is  nearly  85',  wanting 

1 5$  of"  the  Moon's  retardation.     Therefore,  by  art.  413, 

M :  8  =  35 :  1**,  =  6 : »,  nearly. 

The  longest  tide-day  about  the  quadratures  is  26*  85% 
emmding  a  solar  day  85',  and  a  lunar  day  34,.  There- 
fore 

M:  8  =  85:841,  =  5:  2ft  nearly. 

The  proportion  of  M  to  S  may  also  be  inferred  by  a  di- 
rect comparison  of  the  tide-day  at  new  Moon  and  in  the 
quadratures. 
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It  may  also  be  discovered  by  observing  the  greatest  se- 
paration of  the  place  of  high  water  from  that  of  the  Moon, 
or  the  elongation  of  the  Moon  when  the  tide-day  and  the 
lunar  day  are  equal.     In  this  case  y  is  observed  to  be 

nearly  12°  30*.     Therefore  n-  =  am.  25°,  and  M :  =  5 : 

«J  nearly. 

Thus  it  appears  that  all  theae  methods  give  nearly  the 
same  result,  and  that  we  may  adopt  5  to  2  as  the  ratio  of 
the  two  disturbing  forces.  This  agrees  extremely  well  with 
the  phenomena  of  nutation  and  precession. 

Instead  of  inferring  the  proportion  of  M  to  S,  from  the 
quantity  of  matter  in  the  Moon,  deduced  from  the  pheno- 
mena of  nutation,  as  is  affected  by  D'AJembert  and  La 
Place,  I  am  more  disposed  to  infer  the  mass  of  the  Moon 
from  this  determination  of  M :  S,  confirmed  by  so  many 
coincidences  of  different  phenomena.  Taking  S  ■  2, 1 8  as 
the  mean  of  those  determinations,  and  employing  the  ana- 
logy in  sect  2X7,  we  obtain  for  the  quantity  of  matter  in 
the  Moon  nearly  T»„,  the  Earth  being  1. 

If  the  forces  of  the  two  luminaries  were  equal,  there 
would  be  no  high  and  low  water  in  the  day  of  quadrature. 
There  would  be  an  elevation  above  the  inscribed  spheroid 
of  |  M  +  S  all  round  the  circumference  of  the  circle  passing 
through  the  Sun  and  Moon,  forming  the  ocean  into  an  ob- 
late spheroid. 

416.  Since  the  gravitation  to  the  Sun  alone  produces  an 
elevation  of  24$  inches,  the  gravitation  to  the  Moon  will 
raise  the  waters  58  inches ;  the  spring-tide  will  be  24$  + 
68,  or  884  inches,  and  the  neap-tide  33)  inches. 

417.  The  proportion  now  adopted  must  be  considered  as 
that  corresponding  to  the  mean  intensity  of  the  accumu- 
lating forces.   But  this  proportion  is  by  no  means  constant, 
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by  reason  of  the  variation  in  the  distances  of  the  lumina- 
ries. Calling  the  Sun's  mean  distance  1000,  it  is  988  in 
January  and  1017  in  July.  The  Moon's  mean  distance 
being  1000,  she  is  at  the  distance  1055  when  in  apogeo, 
and  946  when  in  perigee.  The  action  of  the  luminaries  in 
producing  a  change  of  figure  varies  in  the  inverse  triplicate 
ratio  of  the  distances  (280.)  Therefore,  if  2  and  5  are 
taken  for  the  mean  disturbing  forces  of  the  Sun  and  Moon, 
we  have  the  following  measures  of  those  forces : 
Sun.  Moon. 

Apogean    1,901  4,268 

Mean         2, .6, 

Perigean     2,106  6,925 

Hence  we  see  that  M :  S  may  vary  from  5,925 : 1,901  to 

4,258 : 2,105,  that  is,  nearly  from  6 : 2  to  4 : 2. 

The  general  expression  of  the  disturbing  force  of  the 

D*     d* 
Moon  will  beM  =  f5xrj-*  «-  where  D  and  d  express 

the  mean  distances  of  the  Sun  and  Moon,  and  a  and  i  any 
other  simultaneous  distances. 

The  solar  force  does  not  greatly  vary,  and  need  not  be 
much  attended  to  in  our  computations  for  the  tides.  But 
the  change  in  the  lunar  action  must  not  be  neglected,  as 
this  greatly  affects  both  the  time  and  the  height  of  the 
tide. 

418.  First,  as  to  the  times. 

1.  The  tide-day  following  spring-tide  is  24"  27}'  when 
the  Moon  is  in  perigoo,  and  24b  33"  when  she  is  in  apogeo. 

2.  The  tide-day  following  neap-tide  is  25b  15'  in  the  first 
case,  and  26"  4C  in  the  second. 

S.  The  greatest  interval  between  the  Moon's  southing 
and  high  water  (which  happens  in  the  octants)  is  39'  when 
the  Moon  is  in  perigeo,  and  61'  when  she  is  in  apogeo,  y 
being  9°  45'  and  15°  15'. 

419.  The  height  of  the  tide  is  still  more  affected  by  the 
Moon's  change  of  distance. 
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If  the  Moon  is  in  perigeo,  when  new  or  full,  the  spring- 
tide will  be  eight  feet,  instead  of  the  mean  spring-tide  of 
seven  feet.  The  very  next  spring-tide  will  be  no  more  than 
six  feet,  because  the  Moon  is  then  in  apogeo.  The  neap- 
tides,  which  happen  between  these  very  unequal  tides,  will 
be  regular,  the  Moon  being  then  in  quadrature,  at  her 
mean  distance. 

But  if  the  Moon  change  at  her  mean  distance,  the  spring- 
tide will  be  regular,  but  one  neap-tide  will  be  four  feet,  and 
another  only  two  feet 

We  see  therefore  that  the  regular  monthly  series  of 
heights  and  times  corresponding  to  our  construction  can 
never  be  observed,  because  in  the  very  same,  or  nearly  the 
same  period,  the  Moon  makes  all  the  changes  of  distance 
which  produce  the  effects  above  mentioned.  As  the  effect 
.  produced  by  the  same  change  of  the  Moon's  distance  is  dif- 
ferent according  to  the  state  of  the  tide  which  it  affects,  it 
is  by  no  means  easy  to  apply  the  equation  arising  from  this 
cause. 

420.  As  a  sort  of  synopsis  of  the  whole  of  this  descrip- 
tion of  the  monthly  series  of  tides,  the  following  Table  by 
Bernoulli  will  be  of  some  use.  The  first  column  contains 
the  Moon's  elongation  S  M  (eastward)  from  the  Sun,  or 
from  the  point  opposite  to  the  Sun,  in  degrees.  The  se- 
cond column  contains  the  minutes  of  solar  time  that  the 
moment  of  high  water  precedes  or  follows  the  Moon's 
southing.  This  corresponds  to  the  arch  H  M.  The  third 
column  gives  the  arch  S  H,  or  nearly  die  hour  and  minute 
of  the  day  at  the  time  ot  high  water ;  and  die  fourth  co- 
lumn contains  the  height  of  the  tide,  as  expresssed  by  the 
line  m  a,  the  space  S  a  being  divided  into  1000  parts,  as 
tbe  height  of  a  spring-tide.  Note  that  the  elongation  U 
supposed  to  be  that  of  the  Moon  at  the  time  of  her  south- 
ing. 
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420.  It  is  proper  here  to  notice  a  circumstance,  of  very 
general  observation,  and  which  appears  inconsistent  with 
our  construction,  which  states  the  high  water  of  neap-tides 
to  happen  when  the  Moon  is  on  the  meridian.  This  must 
make  the  high  water  of  neap-tides  six  hours  later  than  the 
high  water  of  spring-tides,  supposing  that  to  happen  when 
the  Sun  and  Moon  are  on  the  meridian.  But  it  is  uni- 
versally observed,  that  the  high  water  of  tides  in  quadra- 
ture is  only  about  five  hours  and  ten  or  twelve  minutes 
later  than  that  of  the  tides  in  syzigy. 

This  is  owing  to  our  not  attending  to  another  circum- 
stance, namely,  that  the  high  water  which  happens  in  sy- 
zigy, and  in  quadrature,  is  not  the  high  water  of  spring 
and  of  neap-tides,  but  the  third  before  them.     They  cor- 
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respond  to  a  potation  of  the  Moon  19°  westward  of  the  sy  zi- 
gy  or  quadrature,  as  will  be  more  particularly  noticed  after- 
wards. At  these  times,  the  points  of  high  water  are  13£ 
west  of  the  syzigy,  and  29  west  of  the  quadrature,  as  ap- 
pears by  our  construction.  The  lunar  hours  correspond- 
ing to  the  interval  are  exactly  5"  02',  which  is  nearly  &"  12™ 
solar  hours. 

481.  Hitherto  we  have  considered  the  phenomena  of  the 
tides  in  their  most  simple  state,  by  stating  the  Moon  and 
the  Sun  in  the  equator.  Yet  this  can  never  happen; 
that  is,  we  can  never  see  a  monthly  series  of  tides  nearly 
corresponding  with  this  situation  of  the  luminaries.  In 
the  course  of  one  month,  the  Sun  may  continue  within  six 
degrees  of  the  equator,  but  the  Moon  will  deviate  from  it, 
from  18  to  28  or  30  degrees.  This  will  greatly  affect  the 
height  of  the  tides,  causing  them  to  deviate  from  the  series 
expressed  by  our  construction.  It  still  more  affects  the 
time,  particularly  of  low  water.  The  phenomena  depend 
primarily  on  the  zenith  distances  of  the  luminaries,  and, 
when  these  are  known,  are  accurately  expressed  by  the 
construction.  But  these  zenith  distances  depend  both  on 
the  place  of  the  luminaries  in  the  heavens,  and  on  the  la- 
titude of  the  observer.  It  is  difficult  to  point  out  the 
train  of  phenomena  as  they  occur  in  any  one  place,  be- 
cause the  figure  assumed  by  the  waters,  although  its  depth 
be  easily  ascertained  in  any  single  point,  and  for  any  one 
moment,  is  too  complicated  to  be  explained  by  any  gene- 
ral description.  It  is  not  an  oblong  elliptical  spheroid, 
formed  by  revolution,  except  in  the  very  moment  of  new 
or  full  Moon.  In  other  relative  situations  of  the  Sun  and 
Moon,  the  ocean  will  not  have  any  section  that  is  circular. 
Its  poles,  and  the  position  of  its  equator,  are  easily  deter- 
mined. But  this  equatorial  section  is  not  a  circle,  but  ap- 
proaches to  an  elliptical  form,  and,  in  some  cases,  is  an  ex- 
act ellipse.  The  longer  axis  of  this  oval  is  in  the  plane 
passing  through  the  Sun  and  Moon,  and  its  extremities 
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am  in  the  points  of  low  water  for  this  circle,  us  determined 
by  our  cotatnictibn.  Its  shorter  axis'  passes  through  the 
centre  of  the  Earth,  at  right  angles  to  the.other,  and  its 
extremities  are  the  points  of  the  lotvert  km  water.  In 
these  two  points,  the  depression  below  the  natural  level  of 
the  ocean,  is  always'  the  same,  namely,  the  sum  of  the 
greatest  depression  produced  by  each  luminary.  It  ts 
subjected,  therefore,  only  to  the  changes  arising  from  the 
changes  of  distance  of  the  Sun  and  Moon. 

Thus  it  appears,  that  the 'surface  of  the  ocean  has  gene- 
rally four  poles,  two  of  which  ore  prolate  or  protuberant; 
sad  two  of  them  are  compressed.  This  is  most  remaffcl 
ably  the  case  when  the  Moon  ia-io'  quadrature,  and  -  there 
is  then  a  ridge  all  round  that  section  which  has  the  Sun 
and  Moon  in  its-plane/  The  Sectum  through  the  four1 
polesj  upper  and  lower,  is  the  place  of  high  water  all  over 
the  Earth,  and  the  section  'perpendicular  to  the  axis  of  this 
is  the  .place  of  low  water  in  all  parts  of  the  Earth. 

Hence-  it  follows,  that  when  the  luminaries  are  in  the1 
plane  of  the  Earth's  equator,  the  two  depressed  poles  of 
the- watery- spheroid  coincide  with  the  poles «f  the  Earth; 
and  what  we  have  said  of  the  times  of  high  and  low  water, 
and  the  other  states- of  the  tide,  are  exact  in  their  applica- 
tion. But  the  heights  of' the  tides  are  diminished  as  we'  , 
recede  from  the  Earth's  equator,  in  the  proportion  of  ra- 
dius to  the  cosine  of  the  latitude.  In  all  other  situations 
of  the  Sun  and  Moon,  the  phenomena  vary  exceedingly, 
and  cannot  easily  be  shewn'  in  a  regular  (rain.  The  posi- 
tion of  the  high  water  section  is  often  much  inclined  to  the 
terrestrial  meridians,  so  that  the  interval  between'  the 
transit  of  the  Moon  and  the  transit  of  this  section  across 
the  meridian  of  places  in  the  same  meridian,  is  often  very 
different.  Thus,  on  midsummer  day,  suppose  the  Moon 
in  her  last  quadrature,  and  in  the  node,  therefore  in1  the 
equator.  The  ridge  which  forms  high  water  lies  so  obliqu* 
to.  the  meridians,  that 'when  the  Moon  arrives  at  the'meri- 
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duo  of  London,  the  ridge  of  high  water  has  passed  Lon- 
doo  about  two  hours,  and  is  now  on  the  north  coast  ef 
America.  Hence  it  happens,  that  we  have  no  satisfactory 
account  of  the  times  of  high  Water  in  different  places,  even 
though  we  should  learn  it  for  a  particular  day.  The  only 
way  of  forming  a  good  guess  of  the  state  of  the  tides  is  to 
have  a  terrestrial  globe  before  us,  and  bavins;  marked  the 
places  of  the  luminaries,  to  lap  a  (ape  round  the  globe, 
passing  through  these  points,  and  then  to  mark  the  place 
of  high  water  on  that  line,  and  cross  it  with  an  area  at 
right  angles.  This  Is  the  line  of  high  water.  Or,  a  cir- 
cular hoop  may  be  made,  crossed  by  one  semicirclei  ■  Place 
the  circle  so  as  to  paw  through  the  puces  of  the  Son  Add 
Moon,  setting  the  intersection'  with  the  semicircle  on  the 
calculated  place  of  high  water.'  The  Setnirircse  ss  now  the 
line  of  high  water,  and  if  this  armllls  be  held  io_  its  present 
position,  while  the  globe  turns  once. round  within,  it j  the 
succession  of  tide,  or  the  regular  hour  of  high  water  foe 
every  part  of  the  Earth  will  then  be  seen,  Dot  very  distant 
from  the  truth. 

At  present,  in  our  endeavour  to  point  out  the  chief  mo- 
difications of  the  tides  which  proceed  from  the  decimation 
of  the  luminaries,  or  the  latitude  of  the  place  of  observa- 
tion, we  must  content  ourselves  with  an  approximation, 
which  shall  not  be  very  far  from  the  truth.  It  will  be 
sufficiently  exact,  if  we  attend  only  to  the  Moon.  The 
effects  of  declinatioo  are  not  much  affected  by  the  Sun, 
because  the  difference  between  the  declination  of  the  Moon 
and  that  of  the  pole  of  the  ocean  can  never  exceed  six  or 
seven  degrees.  When  the  great  circle  passing  through  the 
Sun  and  Moon  is  much  inclined  to  the  equator  (it  may 
even  be  perpendicular  to  it),  the  luminaries  are  very  near 
each  other,  and  the  Moon's  place  hardly  deviates  from  the 
ltne  of  high  water.  At  present,  we  shall  consider  the  lu- 
nar tide  only. 

42?.  Lot  N  Q  S  E  (Fig.  50.)  represent  the  terraqueous 
globe,  N  S  being  the  axis,  EQ  the  equator,  and  O  the  cen- 
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tra.  Let  the  Moon  twin  the  direction  OM,  having  tbt 
declination  BQ-  ,  Let  D  be  any  point  on  the  surface  of 
the  Earth,  and  C  D  h  its  parallel  of  latitude,  tndNDS 
. '  its  meridian.  Let  B'  F  Iff  be  the  elliptical  surface  of  the 
ocean,  having  its  poles  B1  and  #  in  the  line  O  M.  Let 
/O  F  be  its  equator. 

As  the  point  D  is  carried  along  the  parallel  CDL,  it 
will  pass  in  succession  through  all  the  states  of  the  tide,' 
having  high  water  when  it  is  in  C,  and  in  L,  and  low  wa- 
ter when  it  gets  into  the  intersection  d  of  its  parallel  C  L 
with  the  equator-ydF  of  the  watery  spheroid.  Draw  the 
meridian  NdG  through  this  intersection,  cutting  the  ter- 
restrial equator  in  G.  Then  the  arch  Q  G,  converted  into 
lunar  hours,  will  give  the  duration  of  ebb  of  the  superior 
tide,  and  G  E  is  the  tune  of  the  subsequent  flood  of  the 
inferior  tide.  It  is  evident  that  these  are  unequal,  and  that 
the  whole  tide  GQ  G,  consisting  of  a  flood-tide  G  Q  and 
ebb-tide  Q  G,  while  the  Moon  is  above  the  horizon  (which 
we  called  the  mptrior  tide),  exceeds  the  duration  of  the 
whole  inferior  tide  G  E  G  by  four  times  G  0  (reckoned  in 
lunar  hours.) 

If  the  spheroid  be  supposed  to  touch  the  sphere  in,/ 
and  F,  then  C  tf  in  the  height  of  the  tide.  At  L,  the 
height  of  the  tide  »  L  L',  and  if  the  concentric  circle  L'  q 
be  described,  C'j  is  the  difference  between  die  superior 
and  inferior  tides. 

From  this  construction  we  learn,  in  general,  that  when 
the  Moon  has  no  declination,  the  duration  of  the  superior 
and  inferior  tides  of  one  day  are  equal  over  all  the  Earth. 

483.  2.  If  the  Moon  has  declination,  the  superior  ode 
will  be  of  longer  or  of  shorter  duration  than  the  inferior 
tide,  according  as  the  Moon's  declination  B  Q,  and  the  lati- 
tude C  Q  of  the  place  of  observation  are  of  the  same  or  of 
different  denominations, 

424.  3-  When  the  Moon's  declination  is  -equal  to  die 
^latitude  pf  the  place  of  observation,  or  exceeds  it,  that 
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is,  if  B  Q  is  equal  to  N  c,  or  exceeds  it,  there  will  be  only 
a  superior  or  inferior  tide  in  the  course  of  a  lunar  day. 
For,  in  this  case,  the  parallel  of  the  place  of  observation 
will  pass  through  J",  or  between  N  and  f,  as  k  m . 

4*5.  4.  The  sine  of  the  arch  GO  i§  =  tan.  lat  x  tan. 
dedin.  For  red.  :  cot.  d  O  G  =  tan.  dfi:  sin.  GO,  and 
sin.  G O  =  tan.  d  G  x  a*,  d O  G.  Now,  dQ  is  the  lati- 
tude, and  d  O  G  is  the  codecHnation. 
■  486.  The  heights  of  the  tides  are  affected  in  the  same 
way  by  the  declination  of  the  Moon,  and  by  the  latitude 
of  the  place  of  observation.  The  height  of  the  superior 
tide  exceeds  that  of  the  inferior,  if  the  Moon's  declination 
is  of  the  same  denomination  with  the  latitude  of  the  place, 
and  vice  versA.  It  often  happens  that  the  reverse  of  this 
is  uniformly  observed.  Thus,  at  the  Nore,  in  the  entry  to 
the  river  Thames,  the  inferior  tide  is  greater  than  the  su- 
perior, when  the  Moon  has  north  declination,  and  vice 
vertd.  But  this  happens  because  the  tide  at  the  Nore  is 
only  the  derivation  of  the  great  tide  which  comes  round 
the  north  of  Scotland,  ranges  along  the  eastern  coasts  of 
Britain,  and  the  high  water  of  a  superior  tide  arrives  at 
the  Nore,  while  that  of  an  inferior  tide  is  formed  at  the 
Orkney  Islands,  the  Moon  being  under  the  horizon. 

427.  The  height  of  the  tide  in  any  place,  occasioned  by 
the  action  of  a  single  luminary,  is  as  the  square  of  the  co- 
sine of  the  zenith  or  nadir  distance  of  that  luminary. 
Hence  we  derive  the  following  construction,  which  will  ex- 
press all  the  modifications  of  the  lunar  tide  produced  by 
declination  or  latitude.  It  will  not  be  far  from  the  truth, 
even  for  the  compound  tide,  and  it  is  perfectly  exact  in  the 
case  of  spring  or  neap-tides. 

With  a  radius  C  Q  (Fig.  51.).  taken  as  the  measure  of 
the  whole  elevation  of  a  lunar  tide,  describe  the  circle 
E  F  Q  p,  to  represent  a  terrestrial  meridian,  where  P  and 
P  are  the  poles,  and  E  Q  the  equator.  Bisect  C  P  in  O, 
and  round  O  describe  the  circle  PBCD.     Let  M  be  that 
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point  of  the  meridian  which  has  the  Moon  in  the  semtb, 
and  let  Z  be  the  place  of  observation .  Draw  the  diameter 
Z  C  N,  cutting  the  small  circle  in  B,  and  MCn  cutting 
it  in  A.  Draw  A I  parallel  to  E  Q.  Draw  the  diameter 
BOD  of  the  inner  circle,  and  draw  I  K,  GH,  and  AF 
perpendicular  to  BD.  Lastly,  draw  ID,  IB,  AD,  AB, 
and  C I M',  cutting  the  meridian  in  M'. 

After  half  a  diurnal  revolution,  the  Moon  comes'  into 
the  meridian  at  M',  and  the  angle  M'  C  N  is  her  distance 
from  the  nadir  of  the  observer.  The  angle  I  C  B  is  the 
supplement  of  I C  N,  and  is  also  die  supplement  of  I D  B, 
the  opposite  angle  of  a  quadrilateral  in  a  circle.  There- 
fore I D  B  is  equal  to  the  Moon's  nadir  distance.  Also 
ADB,  being  equal  to  ACB,  is  equal  to  the  Moon's  zenith 
distance.  Therefore,,  accounting  DB  as  the  radius  of  the 
tables,  DF  and  DK  are  as  the  squares  of  the  cosines  of  the 
Moon's  zenith  and  nadir  distances;  and  since  PC,  or  DB, 
was  taken  as  the  measure  of  the. whole  lunar  tide,  DF 
will  be  the  elevation  of  high  water  at  the  situation  Z  of 
die  observer,  when  the  Moon  is  above  his  horizon,  and 
D  K  is  the  height  of  the  subsequent  tide,  when  the  Moon 
is  under  his  horizon,  or,  more  accurately,  it  is  the  height 
of  the  tide  seen  at  the  same  moment  with  D  F,  by  a  spec- 
tator at  £'  in  the  same  meridian  and  parallel.  (For  the 
subsequent  tide,  though  only  twelve  hours  after,  will  be  a 
little  greater  or  less,  according  as  tbey  are  on  the  increase 
or  decrease.)  DF,  then,  and  UK,  are  proportional  to  the 
heights  of  the'  superior  and  inferior  tides  of  that  day. 
Moreover,  as  A I  is  bisected  in  G,  F  K  is  bisected  in  H, 
and  D  II  is  the  arithmetical  mean  between  the  heights  of 
the  superior  and  inferior  tides.  Accounting  O  C  as  the 
radius  of  the  tables,  AG  is  the  sine  of  the  arch  AC,  which 
measures  twice  the  angle  M  C  Q,  the  Moon's  declination. 
OG  is  the  cosine  of  twice  the  Moon's  declination.  Also 
the  angle  BOG  is  equal  to  twice  the  angle  BCQ,  the  lati- 
tude of  the  observer.      Therefore  OH  ■-„  cos.   2  decl. 
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x  cos.    2   lat  i     and   DH  =  DO  +  O  H,   =  M  X 

1  +  cos.  2  dec).  <  x  col  S  lat       _. .        ,         ,  ., 
— — — —  a       -    ■ •      This  value  of  the   me- 
dium tide  will  be  found  of  continual  use. 

This  construction  gives  us  very  distinct  conceptions  of 
all  the  modifications  of  the  height  of  a  lunar  tide,  proceed- 
ing from  the  various  declinations  of  the  Moon,  and  the  po- 
sition of  the  observer ;  and  the  height  of  the  compound 
tide  may  be  had  by  repeating  the  construction  for  the  Sun, 
substituting  the  declination  of  the  Sun  for  that  of  the 
Moon,  and  S  for  M  in  the  last  formula.  The  two  eleva- 
tions being  added  together,  and  £  M  +  S  taken  from  the 
sum,  we  have  the  height  required.  If  it  is  a  spring-tide 
that  we  calculate  for,  then  is  scarcely  any  occasion -for  two 
operations,  because  the  Sun  cannot  then  be  more  wan  six. 
degrees  from  the  Moon,  and  the  pole  of  the  spheroid  will 
almost  coincide  with  the  Moon's  place.  We  may  now  draw 
some  inferences  from  this  representation. 

428.  1.  The  greatest  tides  happen  whan  the  Moon  is 
in  the  zenith  or  nadir  of  the  place  of  observation.  For  as 
M  approaches  to  Z,  A  and  I  approach  to  B  and  D,  end 
when  they  coincide,  F  coincides  with  B,  and  the  height  of 
the  superior  tide  is  then  =  M.  The  medium  tide,  how- 
ever, diminishes  by  this  change,  because  G  comes  nearer 
to  O,  and  consequently  H  comes  also  nearer  to  O,  and 
D  H  is  diminished. 

If,  on  the  other  hand,  the  place  of  observation  be 
changed,  Z  approaching  to  M,  the  superior,  inferior,  and 
medium  tides  are  all  increased.  For,  in  such  case,  D  se- 
parates from  I,  andDK,  DH,andDF  are  all  enlarged. 

429.  2.  If  the  Moon  be  in  the  equator,  the  superior 
and  inferior  tides  are  equal,  and  =  M  X  cos.1  lat  For 
then  A  and  I  coincide  with  C ;  and  F  and  K  coalesce  in 
i;  and  Di  =  DB  x  cos-1  BDC,  =DB  *  cos.*  ZCQ. 

430.  3.  If  the  place  of  observation  be  in  the  equator, 
the  superior  and  inferior  tides  are  equal  every  where,  and 
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are  t=  H  x  «oa*,  declin.  d .  For  B  then  coincide!  with 
C  ;  the  points  .F  and  K  coincide  with  G ;  and  P  G  = 
PC  xoofc*  C  PA,  =  M  x  cos.'  MCQ, 

431.  4.  The  superior  tides  axe  greater  or  less  than  the 
inferior  tides,  according  as  Z  and  M  are  on  the  same  or  on 
opposite  aides  of  the  equator.  Fur,  by  taking  QZ'on  the 
other  aide  of  the  equator,  equal  to  QZ,  and  drawing  Z'CjV, 
cutting  the  small  circle  in  a,  we  see  that  the  figure  is  sim- 
ply reversed.  The  magnitudes  and  proportions  of  the 
odea  are  the  same  in  either  case,  but  the  combination  is 
inverted,  and  what  belongs  to  a  superior  tide  in  the  one 
case  belongs  to  an  inferior  tide  in  the  other. 

432.  *.  If  the  coiatitude  be  equal  to  the  Moon's  de- 
clination, or  leas  than  it,  there  will  be  so  inferior  tide,  or 
no  superior  tide,  according  as  the  latitude  and  Moon's  de- 
olination  are  of  the  same  or  of  different  denominations. 
Foe  when  P  Z  =  M  Q,  D  coincides  with  I,  and  K  also 
coincides  with  I.  Also,  when  FZ  is  less  than  HQ,  D 
falls  below  I,  and  the  point  Z  never  passes  through  the 
equator  of  the  watery  spheroid.  The  low  water  mm 
(Fig.  50. )  observed  in  the  parallel  ft  «  is  only  a  lower  part 
of  the  same  tide  it  U,  of  which  the  high  water  it  also  ob- 
served in  the  same  place.  In  such  situations,  the  tides  are 
very  small,  and  are  subjected  to  angular  varieties,  which 
arise  from  the  Moon's  change  of  declination  and  distance. 
Such  tides  can  be  seen  only  in  the  circumpolar  regions. 
The  inhabitants  of  Iceland  notice  a  period  of  nineteen 
years,  in  which  their  tides  gradually  increase  and  diminish, 
and  exhibit  very  singular  phenomena.  This  is  undoubt- 
edly owing  to  the  revolution  of  the  Moon's  nodes,  by  which 
her  declination  is  considerably  affected.  That  island  is 
precisely  in  the  part  of  the  ocean  where  the  effect  of  this 
is  moat  remarkable.  A  register  kept  there  would  be  very 
instructive ;  and  it  is  to  be  hoped  that  this  will  be  done, 
as  in  that  sequestrated  Thole  there  is  a  zealous  astrono- 
mer, M.  Lievog,  furnished  with  good  instruments,  to  whom 
this  series  of  observations  has  been  recommended. 
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438.  6.  At  the  very  pole  there  is  no  dairy  tide.  But 
there  is  a  gradual  rise  and  subsidence  of  the  water  twice 
in  a  mouth,  by  the  Moon's  declining  on  both  sides  of  the 
equator.  The  water  is  lowest  at  the  pole  when  the  Mood 
is  in  the  equator,  and  it  rises  about  twenty-six  inches  when 
the  Moon  is  in  the  tropics.  Also,  when  her  ascending 
node  is  in  the  vernal  equinox,  and  she  has  her  greatest  de- 
clination, the  water  will  be  thirty  inches  above  its  lowest 
state,  by  the  action  of  the  Moon  alone. 

494.     7.  The  medium  tide  is,  as  has  already  been  ob- 

,_     1  +  cos.  8  decl.  5  x  cos.  2  lat- 
served,  =  m  * ; —  g- —  ■ 

As  the  Moon's  declination  never  exceeds  30°,  the  cosine 
of  twice  her  declination  is  always  a  positive  quantity,  and 
never  less  than  £.  When  the  latitude  is  less  than  45°,  the 
cosine  of  twice  the  latitude  is  also  positive,  but  negative 
when  the  latitude  exceeds  46°.  Attending  to  these  cir- 
cumstances, we  may  infer, 

435.  1.  That  the  mean  tides  are  equally  afiected  by 
the  northerly  and  southerly  declinations  of  the  Moon. 

436.  «.  If  the  latitude  be  exactly  45%  the  mean  tide 
is  always  the  same,  and  =}M.  For,  in  this  case,  BD  is 
perpendicular  to  P  C,  and  the  point  H  always  coincides 
with  0.  This  is  the  reason  why,  on  the  coasts  of  France 
and  Spain,  the  tides  are  so  little  afiected  by  the  declination 
of  the  luminaries. 

437.  5.  When  the  latitude  is  less  than  40°,  the  mean 
tides  increase  as  the  declination  of  the  Moon  diminishes. 
For  cosin.  %  lot.  being  then  a  positive  quantity,  the  for- 
mula increases  when  the  cosine  of  the  declination  of  the 
Moon  increases,  that  is,  it  diminishes  when  the  declination 
of  the  Moon  increases.  As  B  Q  diminishes,  G  comes 
nearer  to  C,  and  H  separates  from  O  towards  B,  and  DH 


But  if  the  latitude  exceed  45s,  the  point  H  must  fall 
between  O  and  D,  and  the  mean  tide  will  increase  as  the 
declination  increases. 
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488.  &.  If  the  latitude  be  =  0,  the  point  H  coincides 
with  G,  and  die  effect  of  the  Mood's  declination  is  then 
the  most  sensible.  The  mean  tide,  in  this  case,  i»M* 
1  +  cos.  8  dedin.  < 

a 

489.  Every  thing  that  has  been  determined  here  for  the 
lunar  tide  may  easily  be  accommodated  to  the  high  and 
low  water  of  the  compound  tide,  by  repeating  the  com- 
jnitations  'with  S  in  the  place  of  M,  as  the  constant  coeffi- 
cient But,  in  general,  it  is  almost  as  exact  as  the  nature 
of  the  question  will  admit,  to  attend  only  to  the  lunar  tide. 
The  decimation  of  the  real  summit  of  the  spheroid,  in  this 
case,  never  differs  from  the  declination  of  the  summit  of 
the  lunar  tide  more  than  two  degrees,  and  the  correction 
may  be  made  at  any  time  by  a  little  reflection  on  the  si- 
multaneous position  of  the  Sun.  What  has  been  said  is 
strictly  applicable  to  the  spring  tides. 

M  +  S— tid?x  sin.*  d  O  (Fig.  50.)  is  the  quantity  to  be 
added  to  the  tide  found  by  the  construction.  It  is  exact 
in  spring-tides,  and  very  near  the  truth  in  all  other  cases. 

The  Bin.trfOis=     8*|at,       ■      For  sin.  d  0  G :  sin.  d 
cos.Idecl.  S 

GO^sin.dGisin.dO. 

.  Such,  then,  are  the  more  simple  and  general  conse- 
quences of  gravitation  on  the  waters  of  our  ocean ,  on  the 
supposition  that  the  whole  globe  is  covered  with  water,  and 
that  the  ocean'  always  has  the  form  which  produces  a  per- 
fect equilibrium  of  force  in  every  particle. 

404.  Bnt  the  globe  is  not.  so  covered,  and  it  is  clear  that 
there  must  be  a  very  great  extent  of  open  sea,  in  order  to 
produce  that  elevation  at  the  summit  of  the  spheroid  which' 
corresponds  with  the  accumulating  force  of  the'  luminaries. 
A  quadrant  at  least  of  the  ellipse  is  necessary  for  giving  the 
whole  tide.  With  less  than  this,  there  will  not  be  enough 
of  water  to  make  up  the  spheroid.  And,  to  produce  the 
full  daily  vicissitude  of  high  and  low  water,  this  extent  of 
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sen  must  be  in  longitude.  An  equal  extent  ill  latitude  may 
produce  the  greatest  elevation  ;  but  it  will  not  produce  the 
series  of  heights  that  should  occur  in  the  course  of  a  lunar 
day.  In  confined  seas  of  small  extent,  such  as  the  Caspian, 
the  Euxine,  the  Baltic,  and  the  great  lakes  in  North  Ame- 
rica, the  tides  must  be  almost  insensible.  For  it  is  evident 
that  the  greatest  difference  of  height  on  the  shore  of  such 
confined  seas  can  be  no  more  than  the  deflection  from  the 
tangent  of  the  arch  of  the  spheroid  contained  in  that  sea.a 
This,  in  the  Caspian  Sea,  cannot  exceed  seven  inches ;  a 
quantity  so  small,  that  a  slight  breese  of  wind,  setting  off 
shore,  will  be  sufficient  for  preventing  the  accumulation, 
and  even  for  producing  a  depression.  A  moderate  breese, 
blowing  along  the  canal  in  St  James's  Park  at  London, 
raises  the  water  two  inches  at  one  end,  while  it  depresses  it 
as  much  at  the  other.  The.  only  confined  seas  of  consider- 
able extent  are  the  Mediterranean  and  the  Bed.  Sea.  The 
first  has  an  extent  of  40°  in  longitude,  and  the  tides  there 
might  be  very  sensible,  were  it  on  the  equator,  but  being 
in  lat  36  nearly,  the  effects  are  lessened  in  the  proportion 
'  of  five  to  four.  In  such  a  situation,  the  phenomena  are 
very  different,  both  in  regard  to  time  and  to  kind,  from 
what  they  would  be,  if  the  Mediterranean  were  part  of  the 
open  ocean. .  Its  surface  will  be  parallel  to  what  it  would 
be  in  that  case,  but  not  the  same.  This  will  appear  by  in- 
spection ot  Fig,  51,  where  asrp  represents  the  natural  level 
of  the  ocean,  and  M  o  Q  represents  the  watery  spheroid, 
having  its  pole  in  M,  and  its  equator  at  Q.  S  *  may  re- 
present a  tide  post,  set  up  on  the  shore  of  Syria,  at  die  eaat 
end  of  the  Mediterranean,  and  Go  a  poet  set  up  at  the  Gut 
of  Gibraltar,  which  we  shall  suppose  at  present  to  be 
dammed  up.  When  the  Moon  is  over  M,  the  waters  of 
the  Mediterranean  assume  the  surface grg,  parallel  to  the 
corresponding  portion  of  the  elliptical  surface  Q  a  M,  cross- 
ing, the  natural  surface  at  r,  nearly  in  the  middle  of  its 
length.    Thus,  on  the  Syrian  coast,  there  is  a  considerable 
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deration  of  the  infers,  and  at  Gibraltar,  there  is  a  consi- 
derable depression.  In  the  middle  of  the  length,  the  water 
is  at  its  mean  height.  The  water  of  the  Atlantic  Ocean, 
an  open  and  extensive  sea,  assumes  the  surface  of  the  equi- 
librated spheroid,  and  it  stands  considerably  higher  on  the  , 
outride  of  the  dam*,  as  is  seen  by  Go,  than  on  the  inside, 
as  expressed  by  Gg-.  It  is  nearly  low  water  within  the 
Straits,  while  it  is  about  &  or  f  flood  without.  The  water 
has  been  ebbing  for  some  hours  within  the  Straits,  but 
flowing  for  great  part  of  the  time  without  As  the  Moon 
moves  westward,  toward  Gibraltar,  the  water  will  begin  to 
rise,  but  slowly,  within  the  Straits,  but  it  ts  flowing  very 
fast  without  When  the  Moon  gets  to  P,  things  are  re- 
versed. The  summit  of  the  spheroid  (it  being  supposed  a 
spring- tide)  is  at  P,  and  it  is  nearly  high  water  within  the 
Straits,  but  has  been  ebbing  for  some  hours  without  It 
is  low  water  on  the  coast  of  Syria.  All  this  while,  the 
water  at  r,  in  the  middle  of  the  Mediterranean,  has  not  al- 
tered its  height  hy  any  sensible  quantity.  It  wQl  be  high , 
water  at  one  end  of  the  Mediterranean,  and  low  water  at 
the  other,  when  the  middle  is  in  that  part  of  the  general 
spheroid  where  the  surface  makes  the  most  unequal  angles 
with  the  vertical.  This  will  be  nearly  in  the  octants,  and 
therefore  about  1}  hours  before  and  after  the  Moon's  south- 
ing (supposing  it  spring-tide). 

These  observations  greatly  contribute  to"  the  explanation 
of  the  singular  currents  in  the  Straits  of  Gibraltar,  as  they 
are  described  by  different  authors.  For  although  the  Me- 
diterranean is  not  shut  np,  and  altogether  separated  from 
the  Atlantic  Ocean  at  Gibraltar,  the  communication  is  ex- 
tremely scanty,  and  by  no  means  sufficient  for  allowing  the 
tide  of  the  ocean  to  diffuse  itself  into  this  bason  io  a  regu- 
lar manner.  Changes  of  tide,  always  different,  and  fre- 
quently quite  opposite,  are  observed  on  the  east  and  west 
side  of  the  narrow  neck  which  connects  the  Rock  with 
Spain ;  and  the  general  tenor  of  those  changes  has  a  very 
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grcat  analogy  with  what  has  now  been,  described.  Tim 
tides  in  the  Mediterranean  are  small,  and  therefore  easily 
affected  by  winds.  But  tbey  are  remarkably  regular. 
This  may  be  expected.  For  as  the  coUectioa  or  abstract 
tion  necessary  for  producing  the  change  is  but  small, 
they  are  soon  accomplished.  The  registers  of  the  tides 
at  Venice  and  some  other  ports  in  the  Adriatic  are  surpris- 
ingly conformable  to  .the  theory.  See  PhiL  Trans.  vol. 
LXVII.  ;       .  •     . 

From  this  example,  it  is  evident  that  great  deviations; 
may  be  expected  in  the  observed  phenomena  of  the  tide* 
from  the  immediate'  results  of  the  ample;  unobstructed 
theory,  and  yet  the  theory  may  be  fully  adequate  to  the  ex- 
planation of  them,  when,  the  circumstances  of  local  situation 
are  properly  considered. 

.405.  The  real  state  of  things  is  such,  that  there  are  very 
few  parts  of  the  ocean,  where,  .the  theory  can  be.applied 
without  very  great  modifications.  Perhaps  the  great  I'acin 
fie  Ocean  is  the  only  part  of  die  terraqueous  globe  in  which 
all  the  forces  have  room  to  operate.  When  we  consider 
the  terrestrial  globe  as  placed  before  the  acting  luminaries, 
which  have  a  relative  motion  round  it  from  east  to  west, 
and  consider  the  accumulation  of  the  waters  as  keeping  pace 
with  them  on  the  ocean,  we  must  see  that  the  tides  with 
which  we  are  most  familiarly  acquainted,  namely,  those 
which  visit  the  western  shares  of  Europe  and  Africa,  and 
the  eastern  shores  of  America,  must  also  be  irregular,  and 
be  greatly  diversified  by  the  situation  of  the  coasts.  The 
accumulation  on  our  coasts  must  be  in  a  great  measure  sup- 
plied by  what  comes  from  the  Indian  and  Ethiopic  Ocean 
from  the  eastward,  and  what  is  brought,  or  kept  back, 
from  the  South  Sea ;  and  the  accumulation  must  be  dif- 
fused,^ from  a  collection  coming  round. the  Cape  of  Good 
Hope,  and  round  Cape  Horn.  Accordingly,  the  propaga- 
tion of  high  water  is  entirely  consonant  with  such  a  suppo-. 
sition.  tt  is  high  water  at  the  Cape  of  Good  Hope  about 
1 
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three  o'clock  at  new  and  full  moon,  and  it  happens  later 
and  later,  as  we  proceed  to  the  northward  along  the  coast 
of  Africa ;  later  and  later  still  as  we  follow  it  along  the 
west  coasts  of  Spain  and  Prance,  till  we  get  to  the  mouth 
of  the  English  Channel.  In  short,  the  high  water  proceeds 
along  those  shores  just  like  the  top  of  a  wave,  and  it  may 
be  followed,  hour  after  hour,  to  the  different  harbours 
along  the  coast  The  same  wave  continues  its  progress 
northwards  (for  it  seems  to  be  the  only  supply),  part  of  it 
going  up  St  George's  Channel,  part  going  northward  by 
the  west  Bide  of  Ireland,  and  a  branch  of  it  going  up  the 
English  Channel,  between  this  island  and  France.  What 
goes  up  by  the  east  and  west  sides  of  Ireland  unites,  and 
proceeds  still  northward,  along  Che  western  coasts  and 
islands  of  Scotland,  and  then  diffuses  itself  to  the  eastward, 
toward  Norway  and  Denmark,  and,  circling  round  the 
eastern  coasts  of  Bri  tain,  ( comes  southward,  in  what  is  call- 
ed the  German  Ocean,  till  it  reaches  Dover,  where  it  meets 
with  the.  branch  which  went  up  the  English  Channel. 

406.  It  is  remarkable  that  this  northern  tide,  after  hav- 
ing made  such  a  circuit,  is  more  powerful  than  the  branch 
which  proceeds  up  the  English  Channel.  It  reaches  Dover 
about  a  quarter  of  an  hour  before  the  southern  tide,  and 
forces  it  backwards  for  half  an  hour.  It  must  also  he  re- 
marked, that  the  tide  which  comes  up  channel  is  not  the 
same  with  the  tide  which  meets  it  from  the  north,  but  is  a 
whole  tide  earlier,  if  not  two  tides.  For  the  spring-tide  at 
11  je  is  a  tide  earlier  than  the  spring-tide  at  the  Nore.  It 
even  seems  more  nearly  two  tides  earlier,  appearing  the  one 
as  often  as  the  other.  This  may  be  better  seen  by  tracing 
the  hour  of  high  water  from  the  Lizard  up  St  George's 
Channel  and  along  the  west  coasts  of  Scotland.  Now  it  is . 
very  clear  that  the-  superior  tide  at  the  Orkney  islands  is  si- 
multaneous with  the  inferior  .tide  at  the  mouth,  of,  the 
Thames.  It  is  therefore  most  probable  .that  (he. Orkney 
tide  is  at  least  one  tide  later  than  at  the  Lizard.  The  whole 
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of  fchia  tide  is  very  anomalous,  especially  after  getting  to  the 
Orkneys.  It  is  a  derivative  from  the  great  tide  of  the  opes 
sea,  which  being  very  distant,  is  subjected  to  the  influence 
of  hard  gales,  at  a  distance,  and  frequently  unlike  what  is 
going  on  upon  our  coasts. 

407.  A  similar  progress  of  the  same  high  water  from  the- 
southward  is  observed  along  the  eastern  shores  of  South 
America.  But,  after  passing  Brazil  and  Surinam,  the  At- 
lantic Ocean  becomes  so  wide  that  the  effect  of  this  high 
water,  as  an  adventitious  thing  supplied  from  the  sooth- 
ward,  is  not  so  sensible,  because  the  Atlantic  itself  is  now 
extensive  enough  to  contribute  greatly  to  the  formation  of 
the  regular  spheroid.  But  it  contributes  chiefly  by  abstrac- 
tion of  the  waters  from  the  American  side,  while  the  accu- 
mulation is  forming  on  the  European  side  of  the  Atlantic. 
By  studying  the  successive  hours  of  high  water  along  the 
western  coasts  of  Africa  and  Europe,  it  appears  that  it 
takes  nearly  two  days,  or  between  four  and  five  tides,  to 
come  from  the  Cape  of  Good  Hope  to  the  mouth  of  the 
English  Channel.     This  remark  is  of  peculiar  importance. 

408.  Few  observations  have,  as  yet,  been  made  public 
concerning  the  tides  in  the  Great  Pacific  Ocean.  They 
must  exhibit  phenomena  considerably  difierent  from  what 
are  seen  in  the  Atlantic.  The  vast  stretch  of  uninterrupt- 
ed coast  from  Cape  Horn  to  Cook's  Straits,  prevents  all 
supply  from  the  eastward  for  making  up  the  spheroid.  So 
far  as  we  have  information,  it  appears  that  the  tides  are 
very  unlike  the  European  tides,  till  we  get  40°  or  60°  west 
from  the  coast  of  America,  In  the  neighbourhood  of  that 
coast,  there  is  scarcely  any  inferior  tide.  Even  in  the 
middle  of  the  vast  Pacific  Ocean  the  tides  are  very  small, 
but  abundantly  regular.  • 

400.  The  setting  of  the  tides  is  affected,  not  only  by  the 
form  of  the  shores,  but  also  by  the  inequalities  which  un- 
doubtedly obtain  in  the  bottom  of  the  ocean.  A  deep  and 
long  valley  there  will  give  a  direction  to  the  waters  which 
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move  along  it,  even  although  they  far  overtop  the  higher 
parts  on  each  side,  just  as  we  observe  the  wind  follow  the 
course  of  the  valleys.  This  direction  of  the  undermost 
waters  affects  those  that  flow  above  them,  in  consequence 
of  the  mutual  adhesion  of  the  filaments ;  and  thus  the  whole 
stream  is  deflected  from  the  direction  which  it  would  have 
taken,  had  the  ground  been  even.  By  such  deflections  the 
path  is  lengthened,  and  the  time  of  its  reaching  a  cer- 
tain place  is  protracted ;  and  this  produces  other  deviations 
from  the  calculations  by  the  simple  theory. 

446.  These  peculiarities  in  the  bed  or  channel  also  great- 
ly affect  the  height  of  the  tides.  When  a  wave  of  a  certain 
magnitude  enters  a  channel,  it  has  a  certain  quantity  of 
motion,  measured  by  the  quantity  of  water  and  its  velocity. 
If  the  channel,  keeping  the  same  depth,  contract  in  its  width, 
the  water,  keeping  for  a  while  its  momentum,  must  increase 
its  velocity,  or  its  depth,  or  both.  And  thus  it  may  happen 
that,  although  the  greatest  elevation  produced  by  the  joint 
action  of  the  Sun  and  Moon  in  the  open  sea  does  not  ex- 
ceed eight  or  nine  feet,  the  tide  in  some  singular  situations 
may  mount  considerably  higher.  It  seems  to  be  owing  to 
this  that  the  high  water  of  the  Atlantic  Ocean,  which  at 
St  Helena  does  not  exceed  four  or  five  feet,  setting  in 
obliquely  on  the  coast  of  North  America,  ranges  along  that 
coast,  in  a  channel  gradually  narrowing,  till  it  is  stopped 
in  the  Bay  of  Fundy  as  in  a  hook,  and  there  it  heaps  up  to 
an  astonishing  degree.  It  sometimes  rises  130  feet  in  the 
harbour  of  Anapolis-Royal.  Were  it  not  that  we  see  in- 
stances of  as  strange  effects  of  a  sudden  check  given  to  the 
motion  of  water,  we  should  be  disposed  to  think  that  the 
theory  is  not  adequate  to  the  explanation  of  the  pheno- 
mena. But  the  extreme  disparity  that  we  may  observe  in 
places  very  near  each  other,  and  which  derive  their  tide 
from  the  very  same  tide  in  the  open  sea,  must  convince  us 
that  such  anomalies  do  not  impugn  the  general  principle, 
Vol.  III.  Z 
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although  we  should  never  be  able  fully  to  account  for  the 
discrepancy. 

447-  Nothing  causes  aa  much  irregularity  in  the  tide*  as 
the  reflection  of  the  tide  from  thorn  to  shore.  If  a  pen- 
durum,  while  vibrating,  receive*  little  ™p">— ,  at  interval* 
that  are  always  the  same,  and  very  nearly  equal  to  ita  own 
vibrations,  or  even  to  an  aliquot  part  of  them,  the  vibra- 
tions may  be  increased  to  a  great  magnitude  after  some 
tune,  and  then  will  gradually  diminish,  and  thus  bora  pe- 
riods of  increase  and  decrease.  So  it  happens  in  the  un- 
dulation which  constitutes  a  tide.  The  situation  of  the 
coasts  may  be  such,  that  the  time  at  which  this  undulation 
would,  of  itself,  play  backward  and  forward  from  shore  to 
shore,  may  be  so  exactly  fitted  to  the  recurring  action  of 
toe  Moon,  that  the  succeeding  impulses,  always  added  to 
the  natural  undulation,  may  raise  it  to  a  height  altogether 
disproTjortioned  to  what  the  action  of  the  Moon  can  pas- 
duoe  m  open  sea,  where  the  undulation  diffuses  itself  to  a 
vast  distance.  What  we  see  in  this  way  should  suffice  for 
accounting  for  the  great  height  of  the  tides  on  the  coasts  of 
continents.  Dan.  Bernoulli,  justly  thinking  that  the  ob- 
structions of  various  kinds  to  the  movements  of  the  ocean 
should  make  the  tides  less  than  what  the  naafcnteiiehMj 
farces  are  able  to  produce,  concluded,  from  the  great  tides 
actually  observed,  and  compared  with  the  tides  producible 
by  the  Newtonian  theory,  that  this  theory  was  erroneous. 
He  thought  it  all  derived  from  Newton's  erroneous  idea  of 
the  proportion  of  the  two  axes  of  the  terraqueous  globe ; 
which  mistake  results  from  the  supposition  of  primitive 
fluidity  and  uniform  density.  He  investigates  the  form  of 
the  Earth,  acaommodated  to  a  nucleus  of  great  density, 
covered  with  a  rarer  fluid,  and  he  thinks  that  be  baa  de- 
monstrated that  the  height  of  the  tide  will  be  in  proportion 
to  the  comparative  density  of  this  nucleus,  or  the  rarity  of 
me  fluid.  This,  says  be,  alone  can  account  far  the  tides 
that  we  really  observe ;  and  which,  great  as  they  are,,  are 
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eartaiory  oily  *  put  of  what  they  would  be,  were  they  not 
a»  snueh  obstructed.  Thin  is  extremely  specious,  and* 
ramiraw,  inmn  smmattf  — iheatetagna,  haa  considerable 
authority-  Bat  the  problem  of  the  figure  of  the  Earth  has 
bean  examined  with  the  moat  scrupulous  attention,  since 
the  days  of  M.  Bernoulli,  by  the  first  mathematicians  of 
Smapc,  who  aw  all  perfectly  agreed  in  their  deductions, 
and  confirm  that  of  Sir  Isaac  Newton.  They  hare  also 
proved,  and  we  apprehend  that  it  is  auOcieBtly  established 
in  art  490.  that  a  denser  nucleus,  instead  of  making  a 
greater  tide*,  will  nuke  it  smaller  than  if  the  whole  globe 
he  of  one  density.  The  ground  of  Bernoulli's  mistake  has 
aa»  beta  dearly  pointed  out  Then  remain*  no  other 
way  of  amounting  for  the  great  tides  but  by  causes  such 
as  hare  now  been  menaWned.  When  the  tides  in  the  open 
Pacific  Ocean  never  exeaed  three  or  four  feet,  we  must  be 
csnwsaced  that  the  extravagant  tides  observed  oa  the  coasts 
of  great  continents  are  anomalies ;  for  there,  the  obstruc- 
tions are  certainly  greater  than  in  the  open  sea.  We  must 
therefore  look  for  an  explanation  in  the  motions  and  colli* 
skms  of  disturbed  tides.  These  anomalies  therefore  bring 
no  valid  objection  against  the  general  theory. 

448.  There  are  some  situations  when  it  is  easy  to  ex- 
plain the  deviations,  md  the  explanation  is  instructive. 
Suppose  a  great  navigable  river,  running  nearly  in  a  meri- 
dional direction,  and  falling  into  the  sea  in  a  southern 
coast.  The  high  water  of  the  ocean  reaches  the  mouth  of 
this  river  (we  may  suppose)  when  the  Sun  and  Moon  are 
together  in  the  meridian.  It  is  therefore  a  spring -tide  high 
water  at  the  mouth  of  the  river  at  noon.  This  check?  the 
stream  at  the  mouth  of  the  river,  and  causes  it  to  deepen. 
This  again  checks  the  current  farther  up  the  river,,  and  it 
deepens  then  also,  because  then  is  always  the  same  quan- 
tity of  land  water  pouring  into  it  The  stream  is  not  per- 
haps stopped,  but  only  retarded.  But  this  cannot  happen 
without  its  growing  deeper.     This  is  propagated .  farther 
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and  farther  up  the  stream,  and  it  ia  perceived  at  a  great 
distance  up  the  river.  But  this  requires  a  considerable 
time.  Our  knowledge  in  hydraulics  is  too  imperfect  as 
vet  to  enable  us  to  say  in  what  number  of  hours  this  sen- 
sible check,  indicated  by  the  smaller  velocity,  and  greater 
depth,  will  be  propagated  to  a  certain  distance.  We  may 
suppose  it  just  a  lunar  day  before  it  arrive  at  a  certain 
wharf  up  the  river.  The  Moon,  at  the  end  of  die  day,  is 
again  on  the  meridian,  aa  it  was  when  it  was  a  spring-tide 
at  the  mouth  of  the  river  the  day  before.  But,  in  this  in- 
terval, there  has  been  another  high  water  at  the  mouth  of 
the  river,  at  the  preceding  midnight,  and  there  has  just 
been  a  third  high  water,  about  fifteen  minutes  before  the 
Moon  came  to  the  meridian,  and  thirty-five  minutes  after 
the  Sun  has  passed  it.  There  must  have  been  two  low 
waters  in  the  interval,  at  the  mouth  of  the  river.  Now,  in 
the  same  way  that  the  tide  of  yesterday  noon  is  propagated 
up  the  stream,  the  tide  of  midnight  has  also  proceeded  up- 
wards. And  thus,  there  are  three  coexistent  high  waters 
in  the  river.  One  of  them  is  a  spring-tide,  and  it  is  fin- 
up,  at  the  wharf  above  mentioned.  The  second,  or  the 
midnight  tide,  must  be  half  way  up  the  river,  and  the  third 
is  at  the  mouth  of  the  river.  And  there  must  be  two  low 
waters  intervening.  The  low  water,  that  is,  a  state  of  the 
river  below  its  natural  level,  is  produced  by  the  passing  low 
water  of  the  ocean,  in  the  same  way  that  the  high  water 
was.  For  when  the  ocean  falls  below  its  natural  level  at 
the  mouth  of  the  river,  it  occasions  a  greater  declivity  of 
the  issuing  stream  of  the  river.  This  must  augment  its 
velocity— this  abstracts  more  water  from  the  stream  above, 
and  that  part  also  sinks  below  its  natural  level,  and  gives  a 
greater  declivity  to  the  waters  behind  it,  &c  And  thus  the 
stream  is  accelerated,  and  the  depth  is  lessened,  in  succes- 
sion, in  the  same  way  as  the  opposite  effects  were  produced. 
We  have  a  low  water  at  different  wharfs  in  succession,  just 
as  we  had  the  high  waters. 
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449.  This  state  of  things,  which  must  be  familiarly 
known  to  all  who  have  paid  any  attention  to  these  matters, 
being  seen  in  almost  every  river  which  opens  into  a  tide 
way,  gives  us  die  most  distinct  notion  of  the  mechanism  of 
the  tides.  The  daily  returning  tide  is  nothing  but  an  un- 
dulation or  wave,  excited  and  maintained  by  the  action  of 
the  Sun  and  Moon.  It  is  a  great  mistake  to  imagine  that 
we  cannot  have  high  water  at  London  Bridge  (for  example) 
unless  the  water  be  raised  to  that  level  all  the  way  from  the 
mouth  of  the  Thames.  In  many  places  that  are  far  from 
the  sea,  the  stream,  at  the  moment  of  high  water,  is  down 
the  river,  and  sometimes  it  is  considerable.  At  Quebec, 
it  runs  downward  at  least  three  miles  per  hour.  There- 
fore the  water  is  not  heaped  up  to  the  Level ;  for  there  is 
no  stream  without  a  declivity.  The  harbour  at  Alloa,  in 
the  river  Forth,  is  dry  at  low  water,  and  the  bottom  is 
about  six  feet  higher  than  the  highest  water-mark  on  the 
•tone  pier  at  Leitb .  Yet  there  are  at  Alloa  tides  of  twenty, 
and  even  twenty-two  feet.  All  Leith  would  then  be  under 
water,  if  it  stood  level  from  Alloa  at  the  time  of  high  water 
there. 

After  considering  a  tide  in  this  way,  any  person  who  has 
remarked  the  very  strange  motions  of  a  tide  river,  in  its 
various  bendings  and  creeks,  and  the  currents  that  are  fre- 
quently observed  in  a  direction  opposite  to  the  general 
stream,  will  no  longer  expect  that  the  phenomena  of  the 
tides  will  be  such  as  immediately  result  from  the  regular 
operation  of  the  solar  and  lunar  forces. 

450.  There  is  yet  another  cause  of  deviation,  which  is 
perhaps  more  dfssimilating  than  any  local  circumstances, 
and  the  operation  of  which  it  is  very  difficult  to  state  fami- 
liarly, and  yet  precisely.  This  is  the  inertia,  as  it  is  called, 
of  the  waters.  No  finite  change  of  place  or  of -velocity 
can  be  produced  in  an  instant  by  any  accelerating  force; 
Time  must  elapse  before  a  stone  can  acquire  any  measure- 
able  velocity  by  falling. 
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Suppose  the  Earth  fluid  to  die  centre,  and  at  rest,  with- 
out any  external  disturbing  force-  The  ocean  will  form  a 
perfect  sphere.  Let  the  Moon  now  act  oil  it  The  waters 
will  gradually  rise  immediately  under  the  Moon  and  in  the 
opposite  part  of  the  Earth,  sinking  all  around  the  equator 
of  the  spheroid.  Each  particle  proceeds  to  its  ultimate 
■situation  with  an  accelerated  motion,  because,  till  then,  the 
disturbing  force  exceeds  the  tendency  of  the  water  to  sub- 
side. Therefore,  when  the  form  is  attained  which  balances 
those  forces,  the  motion  does  not  stop,  just  as  a  pendulum 
does  not  stop  when  it  reaches  the  lowest  point  of  its  arch 
of  -vibration.  Suppose  that  the  Moon  ceases  to  act  at  this 
instant.  The  motion  will  still  go  on,  and  the  ocean  will 
overpass  the  balanced  figure,  but  with  a  retarded  motion, 
as  the  pendulum  rises  on  the  other  side  of  die  perpendicu- 
lar. It  win  stop  at  a  certain  form,  when  all  the  former  ac- 
celeration is  done  away  by  the  tendency  of  the  water  to  sub- 
side. It  now  begins  to  subside  at  the  poles  of  die  spheroid, 
and  to  rise  at  die  equator,  and  after  a  certain  time,  it  be- 
comes a  perfect  sphere,  that  is,  the  ocean  has  its  natural 
figure.  But  it  passes  this  figure  as  far  on  the  other  side, 
and  makes  a  flood  where  there  was  formerly  an  ebb ;  and 
it  would  now  oscillate  for  ever,  alternately  swelling  and 
contracting  at  the  points  of  syzigy  and  quadrature.  If  die 
Moon  do  not  cease  to  act,  as  was  jttst  now  supposed,  there 
will  still  be  oscillations,  but  somewhat  different  from  those 
now  mentioned.  The  middle  form,  on  both  sides  of  which 
it  oscillates  in  this  case,  is  not  the  perfect  sphere,  but  the 
balanced  spheroid. 

451.  AH  this  is  on  the  supposition  that  there  is  no  ob- 
struction. But  the  mutual  adhesion  of  the  filaments  of 
water  will  greatly  check  all  these  motions.  The  figure  will 
not  be  bo  soon  formed ;  it  will  hot  be  so  far  overpassed  in 
the  first  oscillation  ;  die  second  oscillation  will  be  less  than 
the  first,  the  third  will  be  less  than  the  second,  and  they 
will  soon  become  insensible. 
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But  h*  it  were  potable  to  provide  a  reourring  ftffce,  which 
should  tend  to  raise  the  waters  where  they  are  already 
rising,  and  depreas  then  where  they  are  subsiding,  and 
that  would  always  renew  those  actions  in  the  proper  time, 
it  is  plain  that  this  foree  may  be  audi  as  will  just  balance 
the  obstructions  competent  to  any  particular  degree  of  os- 
cillation. Such  a  recurring  foree  would  just  nmintimi  this 
degree  of  oscillation.  Or  the  recurring  force  may  be  greater 
than  this.  It  will  therefore  increase  the  oscillations,  till 
the  obstructions  are  also  so  much  increased  that  the  force  is 
balanced  by  them.  Or  it  may  be  less  than  what  will  ba- 
lance the  obstructions  to  the  degree  of  oscillation  excited. 
I*t  this  ease  the  osdlktioti  will  decrease,  till  its  obstructions 
are  no  more  than  what  this  force  will  balance.  Or  this  re- 
•ttrring  foree  may  come  at  improper  intervals,  sometimes 
tending  to  raise  the  waters  when  they  are  subsiding  in  this 
course  of  an  osciuation,  and  depressing  them  when  they  are 
rising..  Such  a  foree  must  check  and  greatly  derange  the 
oectuationH ;  destroying  them  altogether,  and  creating  new 
ones,  which  it  win*  -increase  for  some  time,  and  then  check 
and  destroy  them  ;  and  will  do  this  again  and  again. 

Now  there  is  such  a  recurring  force.  As  the  Earth  turns 
Bound  its  axis,  suppose  the  form  of  the  balanced  sphe- 
roid attained  in  the  place  immediately  under  the  Moon. 
This  elevation  or  pole  is  carried  to  the  eastward  by  the 
Earth,  suppose  into  the  position  DOB  (Fig.  £8.),  the 
Meoit  being  in  the  line  O  M-  The  pale  of  the  watery 
spheroid  is  no  longer  under  the  Moon.  The  Moon  will 
therefore  act  on  it  so  as  to  change  its  figure,  making  it  sub- 
side in  the  remote  quadrant  B  6  C,  and  rise  a  little  .in  the 
quadrant  Ba  A.  Thus  its  pole  will  come  a  little  nearer  to 
Die  line  OM.  It  is  plain,  that  if  B  is  carried  farther  east- 
ward, but  within  certain  limits,  the  situation  of  the  parti- 
cles will  'be  still  more  unsuitable  to  the  lunar  disturbing 
force,  and  its  action  on  each  to  change  its  position  will  be 
greater.    The  action  upon  them  all  will  therefore  nuke  a 
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more  rapid  change  in  the  position  of  the  pole  of  the  dispfcc- 
ed  spheroid.  It  seeps  not  impossible  that  this  pole  may 
be  just  so  for  east — that  the  changing  forces  may  be  able 
to  cause  its  pole  to  shift  its  position  fifteen  miles  in  one  mi- 
nute. If  this  be  the  case,  the  pole  of  the  spheroid  wilt 
keep  precisely  at  its  present  distance  from  the  line  O  M. 
For,  since  it  would  shift  to  the  westward  fifteen  miles  in 
one  minute  by  the  action  of  the  Moon,  and  is  carried  fif- 
teen miles  to  the  eastward  in  that  time  by  the  rotation  of 
the  Earth,  the  one  motion  just  undoes  the  effect  of  the 
other.  The  pole  of  the  watery  spheroid  ia  really  made  to 
shift  fifteen  miles  to  the  westward  on  the  surface  of  the 
Earth,  and  arrives  at  a  place  fifteen  miles  west  of  its  form- 
er place  on  the  globe ;  but  this  place  of  arrival  is  carried 
fifteen  miles  to  the  eastward ;  it  is  therefore  as  far  from  the 
line  0  M  as  before. 

This  may  be  illustrated  by  a  very  simple  experiment, 
where  the  operation  of  the  acting  forces  is  really  very  like 
that  of  the  lunar  disturbing  force.  Suppose  a  chain  or  flex- 
ible rope  A  B  C  E  D  F  laid  over  a  pulley,  and  hanging  down 
in  a  bight,  which  is  a  catenarean  curve,  having  the  vertical 
line  0  D  for  its  axis,  and  D  for  its  lowest  point,  which  the 
geometers  call  its  vertex.  Let  the  pulley  be  turned  very 
slowly  round  its  axis,  in  the  direction  ABC.  The  side 
C  E  wilt  descend,  and  F  A.  will  be  taken  up,  every  link  of 
the  chain  moving  in  the  curve  CEDFA.  Every  link  is 
in  the  vertex  D  in  its  turn,  just  as  every  portion  of  the 
ocean  is  in  the  vertex  or  pole  of  the  spheroid  in  its  turn- 
Now  let  the  pulley  turn  round  very  briskly.  The  chain 
will  be  observed  to  alter  its  figure  and  position.  0  D  will 
no  longer  be  its  axis,  nor  D  its  vertex.  It  will  now  form  a 
curve  C  *  d/A,  lying  to  the  left  hand  of  C  E  D  F  A.  Od 
will  be  its  new  axis,  and  d  will  be  its  vertex.  Gravity  acts 
in  lines  parallel  to  OD.  The  motions  in  the  direction  CE 
and  FA  nearly  balance  each  oilier.  But  there  is  a  general 
motion  of  every  link  of  the  hanging  chain,  by.  which  it  is 


KibyGoogle 


THBoir  or  THX  TIDES.  361 

earned  from  £  towards  F.  Did  the  chain  continue  in  the 
former  catenarea,  this  force  could  not  be  balanced.  It 
therefore  keeps  so  much  awry,  in  the  form  C  e  dfA,  that 
its  tendency  by  gravity  to  return  to  its  former  position  is 
just  equal  to  the  sum  of  all  the  (notions  in  the  links  from 
E  towards  F.  And  it  will  shew  this  tendency  by  return- 
ing to  that  position,  the  moment  that  the  pulley  gives  over 
turning.  The  more  rapidly  we  turn  the  pulley  round,  the 
farther  will  the  chain  go  aside  before  its  attitude  become 
permanent. 

452.  It  surpasses  our  mathematical  knowledge  to  say  with 
precision  bow  far  eastward  the  pole  of  the  tide  must  be  from 
the  line  of  the  Moon's  direction,  even  in  the  simple  case 
which  we  have  been  considering.     The  real  state  of  things 
is  far  more  complicated.  The  Earth  is  not  fluid  to  the  cen- 
tre, but  is  a  solid  nucleus,  on  which  flows  an  ocean  of  very 
small  depth.     la  the  former  case,  a  very  moderate  motion 
of  each  particle  of  water  is  sufficient  for  making  the  accu- 
mulation in  one  place,  and  the  depression  in  another.  The 
particles  do  little  more  than  rise  or  subside  vertically.  But, 
in  the  case  of  a  nucleus  covered  with  an  ocean  of  small 
depth,  a  considerable  horizontal  motion  is  required  for  bring- 
ing together  the  quantity  of  water  wanted  to  make  up  the 
balanced  spheroid.     The  obstructions  to  such  motion  must 
be  great,  both  such  as  arise  from  the  mutual  adhesion  of 
the  filaments  of  water,  and  many  that  must  arise  from  fric- 
tion and  the  inequalities  of  the  bottom,  and  the  configura- 
tion of  the  shores.     In  some  places,  the  force  of  the  acting 
luminaries  may  be  able  to  cause  the  pole  of  the  spheroid  to 
shift,  its  situation  as  fast  as  the  surface  moves  away,  when 
the  angle  M  O  B  is  20°.     In  other  places,  this  may  not  be 
till  it  is  25°,  and  in  another,  ]  5°  may  be  enough  ;  but,  in 
every  situation,  there  will  be  an  arrangement  that  will  pro- 
duce this  permanent  position  of  the  summit.     For  when 
the  obstructions  are  great,  the  balanced  form  will  not  be 
nearly  attained ;  and  when  this  is  the  case,  the  change  pro- 
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doable  on  the  jwsstion  of  a  particle  u  mora  rapidly  effect- 
ed, the  force*  being  great,  or  rather  the  resistance  arising 
from  gravity  alone  being  small. 

US.  The  consequence  of  aM  this  must  he,  in  the  first 
pa**,  that  that  form  which  the  ocean  weald  ultimately  as- 
sutae,  did  the  Earth  not  turn  round  its  axis,  will  never  be 
attained.  As  the  waters  approach  to  that  form,  they  ate 
carried  eastward,  into  situations  where  the  disturbing  for- 
ces tend  to  depress  them  on  one  side,  while  they  raise  them 
on  the  other,  causing  a  westerly  undulation,  which  keeps 
its  summit  at  nearly  the  same  distance  from  the  line  of  the 
acting  luminary's  direction.  This  westerly  motion  of  the 
summit  of  the  undulation  does  not  necessarily  suppose  a 
real  transference  of  the  water  to  the  westward  at  the  same 
rate.  It  is  more  like  the  motion  of  ordinary  wares,  in 
which  we  see  a  bit  of  wood  or  other  light  body  merely  rise 
and  faU  without  any  sensible  motion  in  the  direction  of  the 
ware.  In  no  case  whatever  is  the  horizontal  motion  of  the 
water  nearly  equal  to  the  motion  of  the  summit  of  the 
wave.  It  resembles  an  ordinary  wave  also  in  this,  that  the 
rate  at  which  the  summit  of  the  undulation  advances  in 
any  direction  is  very  little  affected  by  the  height  of  the 
wave.  Our  knowledge,  however,  in  hydraulics  has  not  yet 
enabled  us  to  say  with  precision  what  is  the  relation  be- 
tween the  height  of  the  undulation  and  the  rate  of  its  ad- 
vance. 

454.  Thus  then  it  appears,  in  general,  that  the  summit 
of  the  tide  must  always  be  to  the  eastward  of  the  place  as- 
signed to  it  by  our  simple  theory,  and  that  experience 
alone  can  tell  us  bow  much.  Experience  is  more  uniform 
in  this  respect  than  one  should  expect  For  it  is  a  matter 
of  almost  universal  experience  that  it  is  very  nearly  19  or 
29  degrees.  In  a  few  places  it  is  less,  and  in  many  it  is 
5,  <*■  6,  or  7  degrees  more.  This  is  inferred  from  observing 
that  the  greatest  and  the  smallest  of  all  the  tides  do  not 
happen  on  die  very  time  of  the  syzigies  and  quadratures, 
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bat  the  third,  and  to  dome  places,  the  fouftJj  tide  after. 
Subsequent  observation  has  shewn  that  this  is  not  pecaftar 
to  the  spring  and  neap-tides,  but  obtains  in  all.  At  Brest 
dfiw  example)  the  tide  which  hears  the  mark  of  the  aug- 
mentation arising  from  the  Moon's  proximity  is  not  the  tide 
seen  While  the  Moon  is  in  perigeo,  but  the  third  after.  In 
short,  the  Whole  series  of  monthly  tides  disagree  with  the 
simultaneous  position  of  the  luminaries,  but  correspond 
most  regularly  with  their  positions  37  or  38  hours  before.' 

455.  Another  observation  proper  for  this  place  is,  that 
as  different  extent  of  sea,  and  different  depth  of  water,  will 
and  do  occasion  a  difference  in  the  time  in  which  a  great 
undulation  may  be  propagated  along  it,  it  may  happen  that 
this  time  may  so  <correBpond  with  the  repetition  of  all  the 
agitating  forces,  that  the  action  of  to-day  may  so  conspire 
with  the  remaining  undulation  of  yesterday  as  to  increase 
it  by  its  reiterated  impulses,  to  a  degree  vastly  greater  than 
its  original  quantity.  By  giving  gentle  impulses  in  this 
way  to  a  pendulum,  in  the  direction  of  its  motion,  its  vi- 
brations may  be  increased  to  fifty  times  their  first  size.  It 
is  not  necessary,  for  this  effect,  that  the  return  of  the  lumi- 
nary into  the  favourable  situation  be  just  at  the  interval  of 
the  undulation.  It  win  do  if  it  conspire  with  every  second 
or  third  or  fourth  undulation ;  or,  in  general,  if  the  amount 
of  its  conspiring  actions  exceeds  considerably,  and  at  no 
great  distance  of  time,  -the  amount  of  its  opposing  actions. 
In  many  cases,  this  co-operation  will  produce  periods  of 
augmentation  and  diminution,  and  many  seeming  anoma- 
lies, which  may  greatly  Vary  the  phenomena. 

456.  A  third  observation  that  should  be  made  here  is, 
that  as  the  obstructions  to  the  motion  of  the  ocean  arising 
from  the  mutual  adhesion  and  action  of  the  filaments  are 
known  to  he  so  very  great,  we  have  reason  to  believe  that 
the  change  of  form  actually  produced  is  but  a  moderate 
part  of  What  the  force  can  ultimately  produce,  and  that 
none  of  the  osculations  are  often  repeated.    It  a  not  pro- 


KibyGoogle 


864  PHYSICAL  ASTKONOUY. 

bable  that  the  repetitions  of  the  great  undulations  can  much 
exceed  four  or  five.  When  experiments  are  made  on  still 
water,  we  rarely  see  a  pure  undulation  repeated  so  often. 
Even  in  ■  a  syphon  of  glass,  where  all  diffusions  of  the  un- 
dulating power  is  prevented,  they  are  rarely  sensible  after 
the  fifth  or  sixth.  A  gentle  smooth  undulation  on  the  sur- 
face of  a  very  shallow  bason,  in  the  view  of  agitating  the 
whole  depth,  will  seldom  be  repeated  thrice.  This  is  the 
form  which  most  resembles  a  tide. 

457.  After  this  account  of  the  'many  causes  of  deviation 
from  the  motions  assigned  by  our  theory,  many  of  which 
axe  local,  and  reducible  to  no  rule,  it  would  seem  that  this 
theory,  which  we  have  taken  so  much  pains  to  establish,  is 
of  no  use,  except  that  of  giving  us  a  general  and  most 
powerful  argument  for  the  universal  gravitation  of  matter. 
But  this  would  be  too  hasty  a  conclusion.  We  shall  find 
(hat  a  judicious  consideration  of  the  different  classes  of  the 
phenomena  of  the  tides  will  suggest  such  relations  among 
them,  that,  by  properly  combining  them,  we  shall  not  only 
perceive  a  very  satisfactory  agreement  with  the  theory,  but 
shall  also  be  able  to  deduce  some  important  practical  infer- 
ences from  it. 

458.  Each  of  the  different  modifications  of  a  tide  has  its 
own  period,  and  its  peculiar  magnitude.  Where  the  change 
made  by  the  acting  force  is  but  small,  and  the  time  in  which 
it  is  effected  is  considerable,  we  may  look  for  a  considera- 
ble conformity  with  the  theory :  but,  on  the  other  band,  if 
the  change  to  be  produced  on  the  tide  is  very  great,  and 
the  time  allowed  to  the  forces  for  effecting  it  is  small,  it  is 
equally  reasonable  to  expect  sensible  deviations.  If  this 
consideration  be  judiciously  applied,  we  shall  find  a  very 
satisfactory  conformity. 

459.  Of  all  the  modifications  of  a  tide,  the  greatest,  and 
the  most  rapidly  effected,  is  the  difference  between  the  su- 
perior and  inferior  tides  of  the  same  day.  When  the  Moon 
has  great  declination,  the  superior  tide  at  Brest  may  be 
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three  times  greater  than  the  succeeding  or  inferior  tide. 
But  the  fact  is,  that  they  differ  very  little.  M.  de  la  Place 
says  that  they  do  not  differ  at  all.  We  cannot  find  out  his 
authority.  Having  examined  with  the  most  scrupulous 
!  attention  more  than  £00  of  the  observations  at  Brest,  and 
Rocbefbrt,  and  Port  L'Orient,  and  made  the  proper  allow- 
ance for  the  distances  of  the  luminaries,  we  can  say  with 
confidence,  that  this  general  assertion  of  M.  de  La  Place 
is  not  founded  on  the  observations  that  have  been  publish- 
ed ;  and  it  does  not  agree  with  what  is  observed  in  the 
other  ports  of  Europe.  There  is  always  observed  a  differ- 
ence, agreeing  with  theory  in  the  proportions,  and  in  the 
order  of  their  succession,  although  much  smaller.  A  very 
slight  consideration  will  give  us  the  reason  of  the  observed 
discrepancy.  It  is  not  possible  to  make  two  immediately 
succeeding  undulations  of  inert  water  remarkably  different 
from  each  other.  The  great  undulation,  in  retiring,  causes 
the  water  to  heap  up  to  a  greater  height  in  the  offing ;  and 
this,  in  disusing  itself,  must  make  the  next  undulation 
greater  on  the  shore.  That  this  is  the  true  account  of  the 
matter,  is  fully  proved  by  observing,  that  when  the  theo- 
retic difference  between  those  two  tides  is  very  small,  it  is 
as  distinctly  observed  in  the  harbours  as  when  it  is  great. 
This  is  clearly  seen  in  die  Brest  observations. 

460.  The  absolute  magnitudes  of  the  tides  are  greatly 
modified  by  local  ch-cum  stances.  In  some  harbours  there 
is  but  a  small  difference  between  the  spring  and  neap-tides, 
and  in  other  harbours  it  is  very  great.  But,  in  either  case, 
the  small  daily  changes  are  observed  to  follow  the  propor- 
tion required  by  the  theory  with  abundant  precision.  Count- 
ad  half  way  from  the  spring  to  the  neap-tides,  the  hourly 
fall  of  the  tide  is  as  the  square  of  the  time  from  spring- 
tide, except  bo  far  as  this  may  be  changed  by  the  position 
of  the  moons  perigee.  In  like  manner,  the  hourly  increase 
of  the  tides  after  neap-tide  is  observed  to  be  as  the  square*] 
of  the  linie  from  neap-tide.    .  ,;..  .1 
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46%  the  priming  and  lagging  of  the  tides  coracsponAt 
%Uh  the  (beery  with  such  accwra&y,  that  they  Mem  to  be 
calculated  from  it,  independent  of  observation.  There  is 
nothing,  that  seems  lew  likely  to  be  deranged  than  this. 
Tides  which  differ  very  little  from  each  other,  either  as  to 
magnitude  or  time,  should  be  expected  to  follow  aw  ana. 
ther  just  aa  the  forces  require.  There  is.  indeed  a  devia- 
tion, very  general,  and  easily  accounted  for.  Then  it  a 
sOuu)  acceleration  of  the  tides  from  spring-tide  to  neap-tide. 
This  is  undoubtedly  owing  to  the  obstructions.  A  smaller 
tide  being  leas  able  to  overcome  them,  ia  sooner  brought  to 
its  maximum.  The  deviation,  however,  is  very  email,  net 
exceeding  J  of  an  hour,  by  which  the  neap-tide  anticipates 
the  theoretical  time  of  its  accomplishment.  It  would  ra- 
ther appear  at  first  sight  that  a  small  tide  would  take  a 
longer  time  of  going  up  a  river  than  a  great  one.  And  it 
may  be  so,  although  it  be  sooner  high  water,  because  the 
defalcation  from  its  height  may  sooner  terminate  its  rising1 
There  is  no  difference  observed  in  this  respect,  when  w* 
compare  the  times  of  high  water  at  London  Bridge  and  at 
the  Buoy  of  the  Nore.  They  happen  at  the  very  stout 
time  at  both  places,  and  therefore  the  spring-tides  and  the 
neap-tides  employ  the  same  time  in  going  up  the  river 
Thames. 

46*.  This  agreement  of  observation  with  theory  is  ntoet 
fortunate ;  and  indeed  without  it,  it  would  scarcely  have 
been  possible  to  make  any  practical  use  of  the  theory.  But 
now,  if  we  note  the  exact  time  of  the  high  water  of  spring* 
tide  for  any  harbour,  and  the  exact  position  of  the  Sun  and 
Moon  at  that  time,  we  can  easily  make  a  table  of  the  month, 
ly  series  for  that  port,  by  noticing  the  difference  of  that 
tine  from  onr  table,  and  making  the  same  difference  fee 
every  succeeding  plnuds  of  the  tide. 

4*38.  But,  in  thus  accommodating  die  theoretical  series 
to- any  particular  place,  we  mutt  avoid  a  naatabc  common- 
ly made  by  the  composers  of  tide-table*.     They  give  the 
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hour  of  nigh  water  at  fall  and  change  of  the  Moon,  and 
this  u  considered  as  springtide.  Bat  perhaps  tbere  is  no 
part  in  the  world  where  that  is  the  case.  It  is  usually  the 
third  tide  after  full  or  change  that  is  the  greatest  of  all ; 
and  the  third  tide  after  quadrature  is,  in  most  plans,  the 
smallest  tide.  New  it  is  with  the  greatest  tide  that  our 
monthly  series  oadtttenees.  Therefore,  it  is  the  hour  of 
thu  tide  that  is  to  be  taken  for  the  hour  of  the  harbour. 
But,  as  wind*,  freshes,  and  other  causes,  may  affect  any  in- 
dividual tide,  we  must  take  the  medium  of  many  observa- 
tions ;  and  we  must  take  ear*  that  we  do  not  consider  as  a 
spring-tide  one  which  'n  indeed  the  greatest,  but  chances 
to  be  enlarged  by  being  a  perigean  tide. 

When  these  precautions  are  taken,  and  the  tides  of  one 
monthly  series  marked,  by  applying  the  same  correction  to 
the  hours  in  the  third  column  of  Bernoulli's  table  (I.),  it 
will  be  found  to  correspond  with  observation  with  sufficient 
accuracy  for  all  purposes.  In  making  the'  comparison,  it 
will  be  proper  to  take  the  medium  between  the  superior 
and  inferior  tides  of  each  day,  both  with  respect  to  time 
and  height,  because  the  difference  in  thene  respects  between 
those  two  tides  never  entirely  disappears, 

464.  The  series  of  ehanges  which  depend  on  the  change 
of  the  Moon's  declinatioa  are  of  more  intricate  comparison, 
because  they  are  so  much  implicated  with  the  changes  de- 
pending on  her  distance.  But  when  freed  as  much  as  pos- 
sible from  this  complication,  and  (hen  estimated  by  the 
msdiiuw  between  the  superior  and  inferior  tide  of  the  same 
day,  they  agree  extremely  well  with  the  theoretical  series. 

This,  by  the  way,  enables  us  to  account  for  an  obserra- 
tioo  which  would  otherwise  appear  inconsistent  with  the 
theory,  which  affirms  that  the  superior  tide  is  greatest  when 
the  Moon  is  in  the  zenith  (S8&)  The  observation  is,  that 
on  the  toasts  of  France  and  Spain  the  tides  increase  as  the 
Moon  is  nearer  to  the  equator.  But  it  was  shewn  in  the 
same  article,  that  in  latitudes  below  46°,  the  medium  tide 
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increases  as  the  Moon's  declination  diminishes.  Bernoulli 
justly  observes,  that  the  tides  with  which  we  are  most  fami- 
liarly acquainted,  and  from  which  we  form  all  our  rules, 
must  be  considered  as  derived  from  the  more  perfect  and 
regular  tide  formed  in  the  widest  part  of  die  Atlantic  ocean. 
Cxtensive,  however,  as  this  may  be,  it  is  too  narrow  for  a 
complete  quadrant  of  the  spheroid.  Therefore  it  will  grow 
more  and  more  perfect  as  its  pole  advances  to  the  middle  of 
the  ocean ;  and  the  changes  which  happen  on  the  bound- 
ing coasts,  from  which  the  waters  are  drawn  on  all  sides 
to  make  it  up,  must  be  vastly  more  irregular,  and  will  have 
but  a  partial  resemblance  to  it.  They  will,  however,  re- 
semble it  in  its  chief  features.  This  tide  being  formed  in 
a  considerable  southern  latitude,  it  becomes  the  more  cer- 
tain that  the  medium  tide  will  diminish  as  the  Moon's  de- 
clination increases.  But  although  this  seeming  objection 
occurs  on  the  French  coasts,  it  is  by  no  means  the  case  on 
ours,  or  more  to  the  north.  We  always  observe  the  su- 
perior tide  to  exceed  the  inferior,  if  the  Moon  have  north 
declination. 

The  same  agreement  with  theory  is  observable  in  the 
solar  tides,  or  in  the  effect  of  the  Sun's  declination'.  This 
indeed  is  much  smaller,  but  is  observed  by  reason  of  its 
regularity.  For  although  it  is  also  complicated  with  the 
effects  of  the  Sun's  change  of  distance,  this  effect  having 
the  same  period  with  his  declination,  one  equation  may 
comprehend  them  both.  M.  Bernoulli's  observation,  just 
mentioned,  tends  to  account  for  a  very  general  opinion, 
that  the  greatest  tides  are  in  the  equinoxes.  I  observe, 
however,  that  this  opinion  is  far  from  being  well  establish- 
ed. Both  Sturmy  and  Colepress  speak  of  it  as  quite  un- 
certain, and  Wallis  and  Flamstead  reject  it  It  is  agreed 
on  all  hands,  that  our  winter  tides  exceed  the  summer 
tides.  This  is  thought  to  confirm  that  point  of  the  theory 
which  makes  the  Sun's  accumulating  force  greater  as  his 
distance  diminishes.     I  am  doubtful  of  the  applicability  oC 
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this  principle,  because  the  approach  of  the  3cm  oawses  the 
Moon  to  recede,  sad  her  recess  is  in  the  triplicate  ratio  af 
the  Sim's  approach.  Her  accumulating  force  is  therefore 
diminished  in  die  sesquipheate  ratio  of  the  Sub's  approach, 
and  her  influence  on  the  phenomena  of  the  tide*  exceeds 
the  Sun's. 

465.  The  changes  arising  from  the  Moan's  change  of 
distance  are  more  considerable  than  those  arising  from  her 
change  of  declination.  By  reason  of  their  implication  with 
those  changes,  the  comparison  becomes  more  difficult.  M. 
Bernoulli  did  not  find  it  so  satisfactory.  They  are,  in  ge- 
neral, much  less  than  theory  require*.  This  is  probably 
owing  to  the  mutual  effects  of  undulations  which  should 
diflfer  very  considerably ,  -but  follow  each  other  too  closely. 
In  M.  de  la  Place's  way  of  considering  the  phenomena  (to 
be  mentioned  afterwards)  the  damnation:  in  magnitude  is 
very  accountable,  and,  in  other  respects,  the  correspon- 
dence is  greatly  improved.  When  the  Moon  changes 
either  in  perigeo  or  apogeo,  the  aeries  is  considerably  de- 
ranged, because  the  next  spring-tide  is  formed  a  opposite 
circumstances.  The  derangement  is  still  greater,  when 
the  Moon  is  in  perigee  or  apogee  in  me  quadratures.  The 
two  adjoining  spring-tides  should  be  regular,  and  the  two 
neap-tides  extremely  unequal. 

466.  We  shaU  first  consider  the  changes  produced  on 
the  times  of  full  sea,  and  then  the  changes  in  the  height. 
M.  Bernoulli  has  computed  a  table  for  both  the  perigean 
and  apogean  distance  of  the  Moon,  from  which  it  will  ap- 
pear what  correction  must  be  made  on  the  regular  series. 
It  is  computed  precisely  in  the  same  way  as  the  former, 
the  only  difference  being  in  the  magnitude  of  M  and  S, 
and  we  may  imitate  H  by  a  construction  similar  to  Fig.  40. 
To  make  this  table  of  easier  use,  M.  Bernoulli  introduces 
the  important  observation,  that  the  greatest  tide  is  not,  in 
any  part  of  the  world,  the  tide  which  happens  on  the  day 
of  newer  full  Moon,  nor  even  the  first  or  the  second  tide 
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after ;  and  that  with  respect  to  the  Atlantic  Ocean,  and  all 
its  coasts,  it  is  very  precisely  the  third  tide.  So  that 
should  we  have  high  water  in  any  port  precisely  at  noon 
on  the  full  or  change  of  the  Moon,  and  on  the  first  day  of 
the  month,  the  greatest  tide  happens  at  midnight  on  the 
second  day  of  the  month,  or,  expressing  it  in  the  common 
way,  it  is  the  tide  which  happens  when  the  Moon  is  a  day 
and  a  half  old.  The  summit  of  the  spheroid  is  therefore 
19  or  20  degrees  to  the  eastward  of  the  Sun  and  Moon. 
At  this  distance,  the  tendency  of  the  accumulating  forces 
of  the  Sun  and  Moon  to  complete  the  spheroid,  and  to 
bring  its  pole  precisely  under  them,  is  just  balanced  by 
the  tendency  of  the  waters  to  subside.  Therefore  it  is 
raised  no  higher,  nor  can  it  come  nearer  to  the  Sun  and 
Moon,  because  then  the  obliquity  of  the  force  is  dimmish- 
ed,  on  which  the  changing  power  depends.  That  this  is 
the  true  cause,  appears  from  this,  that  it  is,  in  like  manner, 
on  the  third  tide  that  all  the  changes  are  perceived  which 
correspond  to  the  declination  of  the  Moon,  or  her  distance 
from  the  Earth.  Every  thing  falls  out,  therefore,  as  if  the 
luminaries  were  19  or  20  degrees  eastward  of  where  they 
are,  having  the  pole  of  the  spheroid  in  its  theoretical  situa- 
tion with  respect  to  this  fictitious  situation  of  the  lumi- 
naries. But,  in  such  a  case,  were  the  Sun  and  Moon  80° 
farther  eastward,  they  would  pass  the  meridian  80  minutes, 
or  one  hour  and  30  minutes  later.  Therefore  l*  20'  is 
added  to  the  hours  of  high  water  of  the  former  table,  cal- 
culated for  the  mean  distance  of  the  Moon  from  the  Earth. 
Thus,  on  the  day  of  new  Moon,  we  have  not  the  spring- 
tide, but  the  third  tide  before  it,  that  is,  the  tide  which 
should  happen  when  the  Moon  is  20s  west  of  the  Sun,  or 
has  the  elongation  160°.  This  tide,  in  our  former  table, 
happens  at  11"  02'.  Therefore  add  to  this  lk  20',  and  we 
have  0*  22'  for  the  hour  of  high  water  on  the  day  of  full 
and  change  for  a  harbour  which  would  otherwise  have 
high  inter  when  the  Sua  and  Moon  are  on  the  meridian. 
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Id  this  way,  by  adding  1"  20*  to  the  hours  of  high  water 
in  the  former-table,  for  a  position  of  the  luminaries  £0°  far- 
ther west,  it  is  accommodated  to  the  observed  elongation 
of  the  Moon,  this  elongation  being  always  supposed  to  be 
that  of  the  Moon  when  she  is  on  the  meridian.  Such, 
then,  is  the  following  table  of  M.  Bernoulli  The  first 
column  gives  the  Moon's  elongation  from  the  Sun,  or  from 
the  opposite  point  of  the  heavens,  the  Moon  being  then  on 
the  meridian.  The  second  column  gives  the  hour  of  high 
water  when  the  Moon  is  in  perigeo.  The  third  column 
(which  is  the  same  with  the  former  table,  with  the  addi- 
tion of  1"  9ff)  gives  the  hour  of  high  water  when  the  Moon 
is  at  her  mean  distance.  And  the  fourth  column  gives  the 
hour  when  she  is  apogeo. 
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6.19 

6.15 

6.  9 

22     f 

25     | 

31     1 

110 

7.20 

7.20 

7.20 

—    <p 

_    »> 

<W 

ISO 

8.21 

8.25 

8.31 

1    21 
5     S3 

5  s6 

1       81 

5     50 

180 

9.181 

9.201 

9.301 

5     40 

140. 

9.581 

10.  61 

10.18 

i    89 

|.46 

f    S8 

150 

10.871 

10.45 

10.56 

a  s7 

K    45 

S    56 

leo 

11.13 

11.20 

11.30 

-■    88 

-•     40 

--    50 

no 

11.46 

11.511 

11.591 

f    26 

'{    »' 

f    89 

180 

—.18 

—.22 

— 27J 

1    18 

S     22 

S-    27 
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407.  This  table,  though  of  considerable  service,  being 
far  preferable  to  the  usual  tide  tables,  may  sometimes  de- 
viate a  few  minutes  from  the  troth,  because  it  is  calculated 
on  the  supposition  of  the  luminaries  being  in  the  equator. 
But  when  they  have  considerable  declination,  the  horary 
arch  of  the  equator  may  differ  two  or  tfiree  degrees  from 
the  elongation.  But  all  this  error  will  be  avoided  try  reck- 
oning the  high  water  from  the  time  of  the  Moon's  south- 
ing, which  is  always  given  in  our  almanacks.  This  inter- 
val being  always  very  small  (never  12°),  the  error  vrffi  be 
insensible.  For  this  reason,  the  three  other  columns  ate 
added,  expressing  the  priming  of  the  tides  on  the  Moon's 
southing. 

To  accommodate  this  table  to  aU  the  changes  of  the 
Moon's  declination  would  require  more  calculation  than 
all  the  rest.  We  shall  come  near  enough  to  the  truth,  if 
we  lessen  the  minutes  in  three  hour-columns  ^a  when  the 
Moon  is  in  the  equator,  and  increase  them  as  much  when 
she  is  in  the  tropic,  and  if  we  use  them  as  they  stand  when 
she  is  in  a  middle  situation. 

468.  All  that  remains  now,  is  to  adjust  this  general  table 
to  the  peculiar  situation  of  the  port.  Therefore,  collect 
a  great  number  of  observations  of  the  hour  of  high  water 
at  full  or  change  of  the  Moon.  In  making  this  collection, 
note  particularly  the  hour  on  those  days  where  die  Moon 
is  new  or  full  precisely  at  noon ;  for  this  is  the  circum- 
stance necessary  for  the  truth  of  the  elongations  in  the  first 
column  of  the  table.  A  small  equation  is  necessary  for 
correcting  the  observed  hour  of  high  water,  when  the  sy- 
zigy  is  not  at  noon,  because,  in  this  situation  of  the  lumi- 
naries, the  tide  lags  35'  behind  the  Sun  in  a  day,  as  has 
been  already  shewn.  Suppose' the  lagging  to  be  S&,  this 
will  make  the  equation  li  minute  for  every  hour  that  the 
full  or  change  has  happened  before  or  after  the  noon  df 
that  day.  This  correction  must  be  added  tb  the  observed 
hour  of  high  water,  if  the  sysigy  was  before  noon,  and  sub- 
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imto&tfitltqppmdifornoon.  Or,  if  we  choose  to  k- 
fee,  the>tkBe.og  l%h  water  to  tii«  Moon's  soutittig,  vhicb, 
in  general*  is  die  best  method  we  mwt  add  a  minute  to 
tiw  time  between  high  sea  and  the  Moon's  southing  for 
every  hour  and,  hoif  that  the  aysigy  is  before  noon,  Mid 
Hhtnotk  if  the.  syaigy  h«  happened,  afternoon,  for  the 
tide*  prima  Iff  in  84  bom. 

469.  Having  thus  obtained  the  medium  hour  of  high 
water  at  futt  and  change  of  the  Moon,  note  the  difference 
ofitfrwn  W  8?,  and  then  nuke*,  tabic  peculiar  to  that 
port,  by>  adding  that  difference  to  all  the  numbers  of  the 
eohwMf.  The  numbers  of  this  table  will  give  the  how 
«£  Ugh  water  corresponding  to  the  Moon's  elongation  for 
any  other  time.  It  will,  however,  always  be  more  exact 
s»  refer  the  tune  to  the  Moon's  southing,  for  the  reasons 
already  given.   - 

By  means  of  a  table  so  constructed,  the  tune  of  high 
water  for  the  port,  in  any  day  of  the  lunation,  may  be  de- 
pended on  to  Ises  than  a  quarter  of  an  hour,  except  the 
course  of  the  tides  be  disturbed  by  winds  or  freshes,  which 
adatk  of  no  calculation.  It  might  be  brought  nearer  by 
a  much  snore  intricate  cstotlttiaB ;  but  this  is  altogether 
unnecessary,  on  account  of  the  irregularities  arising  from 
those  causes. 

It  is  not  so  easy  to  state,  in  a  series,  the  variations  which 
happen  in  the  height  of  the  tides  by  the  Moon's  change  of 
distance,  althoagh  they  are  greater  than  the  variations  in 
the  timet  of  high  water.  This  is  partly  owing  to  the  great 
dinereaces  which  obtain  in  different  porta  between  the 
greatest  and  smallest  tides,  and  partly  from  the  difficulty 
of  expressing  the  variations  in  such  a  manner  as  to  be  easi- 
ly understood  by  those  not  familiar  with  mathematical 
computations,  M.  Bernoulli,  whom  we  have  followed  in 
all  the  practical  inferences  from  the  physical  theory,  ima- 
gines, that,  notwithstanding  the  great  disproportion  between 
tiw  spring  and  neap  tides  in  different  places,  and  the  difc 
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ferences  in  the  absolute'  magnitudes  of  both,  the  middle 
between  the  highest  and  lowest  daily  variations  will  pro- 
ceed in  very  nearly  the  same  way  as  in  theory.  Instead, 
therefore,  of  taking  the  values  of  M  and  6,  as  already  esta- 
blished, he  takes  the  height  of  spring  and  neap  tides  in 
any  port  as  indicative  of  M  +  S  and  M  —  S  for  that  port. 
Calling  the  spring-tide  A,  and  the  neap-tide  B,  this  prin- 
ciple will  give  us  M  =  — 5 — ,  and  S  =  - — 5 — ■     From 

these  values  of  M  and  S  he  computes  their  apogean  and 
perigean  values,  and  then  constructs  columns  of  the  height 
of  the  tides,  apogean  and  perigean,  in  the  same  manner  as 
the  column  already  computed  for  the  mean  distance  of  the 
Moon,  that  is,  computing  the  parts  m/and  af  (Fig.  49.) 
of  the  whole  tide  m  a  separately.  The  same  may  be  done 
with  incomparably  less  trouble  by  our  construction  (Fig. 

49.)  and  the  values  M  =  ^?,  and  S  =  ^p^- 

Although  this  is  undoubtedly  an  approximation,  and 
perhaps  all  the  accuracy  that  is  attainable,  it  is  not  found- 
ed on  exact  physical  principles.  The  local  proportion  of 
A  to  B  depends  on  circumstances  peculiar  to  the  place; 
and  we  have  no  assurance  that  the  changes  of  the  lunar 
force  will  operate  in  the  same  manner  and  proportion  on 
these  two  quantities,  however  different.  We  are  certain 
that  it  will  not ;  otherwise  the  proportion  of  spring  and 
neap  tides  would  be  the  same  in  all  harbours,  however 
much  the  springs  may  differ  in  different  harbours.  I  com- 
pared Bernoulli's  apogean  and  perigean  tides,  in  about 
twenty  instances,  selected  from  the  observations  at  Brest 
and  St  Malo,  where  the  absolute  quantities  differ  very 
widely.  I  was  surprised,  but  not  convinced,  by  the  agree- 
ment. I  am  however  persuaded,  that  the  table  is  of  great 
use,  and  have  therefore  inserted  it,  as  a  model  by  which  a 
table  may  easily  be  computed  for  any  harbour,  employing 
*be  spring-tide  and  neap-tide  heights  observed  in  that  har- 
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bour  as  the  A  and  B  for  that  place.  The  table  is,  like 
the  last,  accommodated  to  the  easterly  deflation  of  the 
pole  of  the  spheroid  from  its  theoretical  place. 

It  appears,  from  this  table,  and  also  from  the  last,  that 
the  neap-tidej  are  much  more  affected  by  the  inequalities 
of  the  forces  than  the  spring-tides  are.  The  neap-tides 
vary  from  70  to  128,  and  the  springs  from  90  to  114. 
The  first  is  almost  doubled,  the  last  is  augmented  but  }. 


HEIGHT  OF  THI  TIDB. 


(  in  Perigeo.      GinM.Dist       GinApogeo. 


0  »,99A+0,15B  0, 


10 


70 


1,I0A+0,04B  i), 


30  l,14A+0,O0B 

30  I,10A+0,04B 

D,99A+0,15B 

»,8SA+0,r~~ 

60  l),67A+0,68Bto, 

'-  0.46A+O, 

0,S8A4fl,96B 
00  0,13A+1,13B|0, 
100  0,03A-t-l,! 


1.S4B  D, 


140  0, 
150  0, 


.88A-I-0. 

I.97A+0, 
1.00A+0, 
0.97A+O, 
0.88A+0, 
1.7SA+0, 

I.69A+0, 

l,41A+0, 

0.25A+0, 

llA+O, 

.03A+0, 


110  »,00A+1,28B0,00A  4-1,00110, 


0,O3A+l 
0,13A+1,13B 
.28A+0.96B 
,48A+0,' 
ISO  0,67A+0,53B  0, 
"""  0,85A+O,3SB  0, 
0,99A+0,15B " 


1.24B0, 


l,0SA+0, 
0,l!eA+0, 
U,SSA+0, 
41A+0, 
,59A+0, 
,7CA+0, 
D,88A4-0, 


0,79A4-O,08B 
0,87A+0,0SB 
0,90A+0,OOB 
0,87A+0,08B 
0.79A+O.O8B 
0.08A  4-0,186 
0,53A+0,S9B 
0,S7A+0,41B 
0,23A4-0,83B 
0,11A+0,62B 
,08A+0,6SB 
,00A+0,70B 
0,03At-0,68B 
0,llA+0,tj2B 
0^3A+0,58B 
%87A+0,41B 
,tlB0,53A+0,*9B 

0,68A4-0,18B 

0,79A4-0,08B 


470.  The  attenliTe  reader  cannot  but  observe,  that  all 
the  tables  of  this  monthly  construction  must  be  very  im- 
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perfect*  although  their  numbers  are.  perfectly  accurate,  be- 
cause, in,  the  course  of  a  month,  the  darijaation.  and  dia- 
tance  of  the  Moon  vary,  independently  of  each  ether, 
through  all  the«  possible  Magnitudes,  The  laat  table  b 
Uw  only  one  that  is  immediately  applicable,  by  interpola- 
tion). It  would  requite  several  tables  of  the  sanje  extent, 
tp  grye  us  a  set  of  equations,  to  be  applied  to  the  original 
table  of  art.  418 ;  and  the  computation  would  become  as 
troublesome  for  this  approximation  as  the  calculation  of 
tbe  exact  value,  taking  in  every  circumstance  that  can  af- 
fect the  question.  For  that  calculation  requires  only  tbe 
computation  of  two  right-angled  spherical  triangles,  pre- 
punitory  to  the  calculation  of  the  piece  ef  high  water.  But, 
with  all  these  imperfections,  M-  Bernoulli's  second;  table  is 
much  more  exact  than  any  tide-table  yet  published- 


Such,  on  the  whole,  is  the  information  furnished  by  tbe 
doctrine  of  universal  gravitation  concerning  this  curious 
and  important  phenomenon.  It  is  undoubtedly  the  most 
irrefragable  argument  that  we  have  for  the  truth  and  uni- 
versality of  this  doctrine,  and,  at  the  same  time,  for  the 
simplicity  of  the  whole  constitution  of  the  solar  system,  so 
far  as  it  can  be  considered  mechanically.  No  new  princi- 
ple is  required  for  an  operation  of  nature  so  unlike  all  the 
other  phenomena  in  the  system- 

471.  The  method  which  I  have  followed  in  the  investi- 
gation is  nearly  the  same  with  that  of  its  illustrious  dis- 
coverer. We  have  contented  ourselves  with  shewing  va- 
rious seriesea  of  phenomena,  which  tally  so  well  with  the 
legitimate  consequences  of  the  theory,  that  the  real  source 
of  them  can  no  longer  be  doubted.  And,  notwithstanding 
the  various  deviations  from  those  consequences,  arising 
from  other  circumstances,  we  have  obtained  practical  rules, 
which  make  tbe  mariner  pretty  well  acquainted  with  the 
general  course  of  the  tides,  sufficiently  to  -put  bint  on  his 
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guard  against  the  danger*  ha  raw  by  grossly  waasfcjtte, 
them,  and  even  enabling  bin  to  take  advantage  of  the 
course  of  the  tide  for  prosecuting  his  voyage.  .  Still,  b»w- 
eror,  a.  great  store  of  local  ird«iraat»Q  is  necessary-  For 
there  are  ansae  pacta  of  the  ocean,  where  the  tides  follow 
an  order  extremely  unlike  what  wo  have  described  The 
bar  of  TenquiB  is  China  »  one  of  the  moat  remarkable ; 
and  ita  chief  peculiarity  consists  in  its  having  but  one  tide 
in  email  lunar  day-  It  haa  been  traced  to  the  cooperation 
of  tipo'great  tides,  cosaing  from  opposite  quarters,  with 
almost  six  hours  of  diherence  in  the  thna  of  high  water. 
The  remit  of  which  is,  that  the  compound  tide  is  the  ex. 
cam  of  the  one  above  the  other,  forming  a  high  water  when 
die  Bum  of  both  their  elevation*  is  a  maximum.  Dr  Hal- 
ley  haa  given  a  very  distinct  explanation  of  this  tide  in 
No  168  of  tne  Philosophical  Transactions. 

473.  A  very  different  method  of  invcatigatmg  this  and 
a  similar  phenomenon  has  been  employed  by  the  eminent 
sjeseaBjietiohnssj  S'Alembert  and  La  Place,  in  which,  M. 
La  Flare,  who  makes  this  a  chief  article  of  his  Mechantque 
Celeste*  deduces  the  whole  directly  from  the  interior  me- 
chanism of  hydnostatioal  undulations.  His  main  inferences 
perfectly  agree  with  those  already  delivered.  The  method 
of  Newton  and  Bernoulli  has  been  preferred  here,  because 
by  this  means  the  connexion  with  the  operation  of  univer- 
sal gravitation  ia  much  better  kept  in  right.  At  the  same 
time,  La  Place's  method  allows  us,  in  some  eases,  to  state 
the  individual  fact  more  nearly  as  it  occurs,  without  con- 
sidering it  as  the  modification  of  another  mot  that  is  more 
general.  But  it  may  be  doubted,  whether  La  Place  has 
explained  all  the  variety  of  phenomena.  His  whole  appli- 
cation ia  limited  by  the.  data  which  ratrreieh  the  arbitrary 
quantities  ■•  hia  equation*.  These  being  wholly  taken 
fi»»  the  observations  is  the.  ports  of  France  and  Spain,  it 
may  be  questioned  whether  the  sameness,  arising  from  the 
latitude  being  so  near  46%'  may  not  hare  made  the  inge. 
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nious  author  amplify  too  much  his  theory.  He  considers 
every  class  of  phenomena  as  operations  completely  accom- 
plished, and  the  ocean  at  the  end  of  the  action  of  any  one 
of  the  forces  as  it  a  state  of  indifference,  ready  for  the  free 
operation  of  the  next.  For  example,  the  equality  of  the 
superior  and  inferior  tides  of  one  day  ia  deduced  by  La 
Place  immediately  from  the  circumstance  of  'the  ocean 
being  of  nearly  an  uniform  depth,  saying  that  the  small 
inferior  tide  is  not  affected  by  the  greatness  of  the  preced- 
ing superior  tide,  because  the  obstructions  are  stlch,  that 
aH  motions  cease  very  soon,  almost  immediately  after  the 
force  has  ceased  to  act  We  doubt  the  truth  of  the  near 
uniformity  of  the  sea's  depth.  The  unequal  tides  are  con- 
fessedly most  remarkable  on  the  coasts;  where  the  depth  is 
the  most  unequal.  The  other  principle,  that  the  effects  of 
primitive  motions  are  all  obliterated,  and  therefore  every 
tide  is  the  completed  operation  of  the  present  force,  is  still 
more  questionable.  It  is  well  known,  that  the  roll  of  a 
great  storm  in  the  Bay  of  Biscay  is  very  sensible  indeed 
for  three  days.  Of  this  we  have  had  repeated  experience. 
The  superficial  agitation  of  a  storm  (for  it  is  no  more)  is 
nothing  in  comparison  with  the  huge  uniform  momentum 
of  a  tide ;  ahd  the  greatest  storm,  even  while  it  blows,  can- 
not raise  the  tide  three  feet ;  nor  does  it  even  then  change 
what  we  have  called  the  tide,  the  difference  between  high 
and  low  water ;  it  raises  or  keeps  down  both  nearly  alike. 
Besides,  bow  will  M.  La  Place  account  for  the  undeniable 
duration  of  every  tide-wave  on  the  coasts  of  Europe  and 
America  for  a  day  and  a  half?  There  can  be  no  question 
about  this,  because  the  course  of  the  tides  during  a  month 
is  precisely  conformable  to  it  The  tide  which  bean  the 
mark  of  the  perigean  tide  is  not  the  tide  which  happens 
when  the  Moon  is  in  perigeo,  but  the  third  following  that 
tide,  just  as  in  the  springs  and  neaps.  In  tike  manner,  it 
is  observed  at  Brest,  without  one  exception  for  six  years, 
that  the  morning  or  superior  tide  at  new  Moon  is  smaller 
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than  the  inferior  tide  in  rammer.  In  winter  "it  is  the  con- 
trary, not,  however,  wkh  nich  constant  accuracy.  Now, 
it  should  be  just  the  contrary,  if  the  tides  observed  were 
the  tides  corresponding  with  the  then  state  of  the  forces. 
But  they  are  not.  They  are  tides  corresponding  wkh  the 
state  of  the  forces  thirty-ax  hours  before.  (See  Mem. 
Acad.  Far.  1790,  p.  206,  duodecimo.)  It  is  the  same  at 
fall  Moon,  that  is,  the  morning  tide  in  summer  is  less  then 
the  evening  tide.  The  morning  tide  corresponding  to  the 
then  state  of  the  forces  is  what  we  have  called  an  inferior 
tide,  the  Moon  being  then  under  the  horizon,  with  south 
declination.  The  tide,  therefore,  should  be  greater  than 
the  subsequent  or  evening,  or  superior  tide.  But,  like  the 
last  example,  it  is  the  tide  corresponding  to  the  forces  in 
action  thirty-six  hours  before.  Can  we  now  deny  that 
the  present  state  of  the  waters  is  affected  by  the  action  of 
forces  which  have  ceased  thirty-six  hours  ago  ?  and  if  this 
be  granted,  it  is  impossible  that  two  tides  immediately  suc- 
ceeding can  be  very  unequal.  The  contrary  can  be  shewn 
in  an  experiment  perfectly  resembling  the  great  tides  of 
the  ocean.  An  apparatus,  made  for  exhibiting  the  appear, 
ance  of  a  reciprocating  spring,  was  so  constructed,  that 
one  of  its  runnings  was  very  sudden  and  copious,  and  the 
next  was  moderate  and  slow.  It  emptied  into  a  small  ba- 
sin, which  communicated  with  a  long  and  narrow  horizon- 
tal channel,  shut  at  the  for  end,  the  basin  emptying  itself 
by  a  small  spout  on  the  opposite  side.  Thus,  two  very 
unequal  hoods  and  ebbs  presented  themselves  at  the  mouth 
of  this  channel,  and  sent  a  wave  along  it,  which,  at  the 
first,  was  very  unequal.  But  when  it  was  mixed  with  the 
returning  wave  from  the  far  end,  they  were  soon  brought 
to  an  apparent  equality.  The  experiment  appearing  cu- 
rious, it  was  prosecuted,  by  various  changes  of  the  appa- 
ratus; and  several  effects  tended  very  much  to  explain 
scow  of  the  more  singular  appearances  of  the  tides.  There 
u  an  example  of  the  continuance  of  former  impressions  in 
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the  tides  among  tfao  westers  islanda  of  Scotland,  that  0M- 
«deraWy  resembles,  the  tide  on  the  bar  of  Tonquin,  The 
general  coune  of  the  flood  round  the  little  island  of  Ber- 
nemy  is  N.E.  and  that  of  the  ebb  n  S.W.  But  at  a  cer- 
tain time  in  the  spring,  both  flood  sod  ebb  run  N.E.  du- 
ring twelve  hours,  anid  the  next  flood  and  ebb  run  S.W. 
Tb« contrary  happen*  in autumn.  Yet  in  theoftng,  the 
flood  and  ebb  hold  their  regujan  course*.  This  greatly 
resembles  the-  tide  at  Tonquin,  and  also  the  Grecian  Bu- 
ripus. 

173.  The  reader  will  recollect  that  we  stated,  as  our 
©jrisioo,  that,  in  consequence  of  the  inertia  of  the  waters, 
the  pole  of  the  ocean  »  always  to  the  eastward  of  N*.  theo- 
retical place.  For  which  reason,  the  figure  actually  at- 
tained by  the  ocean  is  not  a  figure  of  equilibration.  Did 
the  Earth  stand  still,  it  would  soo»  be  brought  to  its.  pro- 
per position,  and  completed  to  Its  due  form.  Therefore, 
there  is  always  a  motion  towards  this  completion ;  awdaaii 
motion  w  obstructed.  Hence  we  apprehend,  that  there 
must  be  a  perpetual  current  of  the  waters,  especially  in 
die  tropical  regions,  from  east  to  west  We  cannot  see 
bow  this  can  be  avoided ;  and  we  think  that  it  is  esta- 
blished as  a  matter  of  nautical  observation,  in  regard  to 
the  Atlantic,  this  seems  to  be  a  general  opinion  of  the  na- 
vigators. There  are  two  very  excellent  journals  of  voy- 
age* from  Stockholm  to  China,  by  Captain  Eckhart,  in 
which  there  is  a  very  frequent  comparison  of  the  ampfe 
reckoning  with  lunar  observation!)  and  the  arrivals  on 
known  coasts,  from  which  we  cannot  help  interring  the 
same  general  current  in  the  Indian  and  Ethiopic  seas.  It 
seems,  therefore,  to  obtain  over  die  whole.  The  part  of 
this  current  which  diffuses  itself  into  the  Atlantic  is  bat 
saiaU,  it  having  a  freer  passage  straight  forward.  But  the 
part  thus  diffused  produce*  the  gulf  stream,  m  its  way 
along  the  American  coasts,  and  escapes  round  the  Berth 
eapavof  Europe  and'  America.    In  ail  probability,  a  seuth- 


KibyGoogle 


TTI*ORY  ■©*  VBt  TIDKS.  381 

etfy  cweut  may  be  observed  in  the  straits  which  Separate 
America  from  the  Asiatic  continent  The  whole  amount 
of  4hu  motion  cannot  he  considerable,  but  there  must  he 
■one,  tf  there  be  two  eircumpolar  communications  between 
the  great -eastern  and  western  divisions  of  the  ocean.  With- 
out this,  k  must  be  reduced  to  a  reciprocating  motion  toe 
intricate  for  investigation. 

474.  There  is  -another  circumstance  -which  seems  to 
strengthen  our  confidence  in  the  reality  of  this  westerly 
current  of  the  -ocean.  The  gravity  of  the  waters  being 
more  diminished  in  conjunction  and  opposition  than  it  is 
augmented  in  quadrature  with  the  acting  luminary,  each 
particle  tends  to  recede  from  the  centre,  and  to  describe  a 
larger  circle,  employing  a  longer  time.  Here  is  a  tenden- 
cy ur  ntoft  to  a  relative  motion  westerly.  Water,  being 
almost  perfectly  And,  will  obey  this  tendency,  and  in  time 
acquire  such  a  motion,  were  it  not  obstructed  by  solid  ob- 
stacles. But  some  effect,  most  remain,  too  intricate  to  ad- 
mit any  calculation,  and  perhaps  not  ultimately  sensible. 

479.  If  the  height  of  the 'atmosphere  be  equal  to  tbeTa- 
dros  of  the  Earth,  we  Bhall  have  a  tide  in  the  air  double  of 
fliat  in  the  ocean.  When  all  the  affecting  circumstances 
are  considered,  it  appears  that  an  ebb  and  flood  of  the  at- 
mosphere may  -differ  hi  elevation  about  ISO  feet.  This 
might  be  sensible  by  affecting  the  barometer.  True,  the 
gravity  of  the  mercury  is  also  diminished,  hut  not  so  much 
as  that  of  the  more  distant  air.  But  the  height  of  the  at- 
mosphere is  too  small  to  give  rise  to  any  such  tides.  They 
cannot  sensibly  exceed  those  of  the  ocean,  and  this  cannot 
change  the  height -of  the  mercury  in  the  barometer  T  £5  of 
an  inch.  Professor  Toaldo  at  Padua  kept  a  register  of  the 
barometer  for  more  than  thirty  years.  He  has  added  into 
one  sum  all  the  mercurial  heights  observed  at  new  Moon. 
Another  sum  was  made  of  all  the  heights  observed  in  the 
quadratures ;  another  of  the  perigean ;  and  another  of  the 
apogean  heights,  4c.  far.    He  thinks  that  differences  were 
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observed  in  those  turns  sufficient  for  proving  the  accumu- 
lation and  compression  of  the  air  by  its  unequal  gravita- 
tion to  the  Moon.  Thus  the  apogean  heights  exceeded  the 
perigean  by  14  inches.  The  heights  in  syzigy  exceeded 
those  in  quadrature  by  1 1  inches.  (See  Mem.  Berlin, 
1777,  and  a  book  expressly  on  the  subject.) 

But  there  is  another  effect  of  this  disturbing  force  which 
may  be  much  more  sensible,  namely,  the  general  westerly 
current  of  the  air.  M-  D'Alembert  has  investigated  this 
with  great  care,  and  singular  address,  and  has  proved  that 
there  must  be  a  westerly  current  in  the  tropical  regions,  at 
the  rate  of  eight  feet  nearly  in  a  second.  This  is  a  very 
adequate  cause  of  the  trade  winds  which  are  observed  be- 
tween the  tropics.  It  is  indeed  increased  by  the  rarefac- 
tion of  the  air  occasioned  by  the  heat  of  the  Sun,  which 
expands  the  air  heated  by  the  ground,  and  it  is  both  raised 
and  diffused  latterly.  When  the  Sun  has  passed  the  meri- 
dian a  proper  number  of  degrees,  the  air  must  now  cool, 
and  in  cooling  contract  behind  the  Sun.  Air  from  the  east 
comes  in  greater  abundance  than  from  any  other  quarter 
to  supply  the  vacancy. 

476.  The  disk  of  Jupiter,  when  viewed  through  a  good 
telescope,  is  distinguishable  into  zones,  like  a  bit  of  striped 
satin.  These  zones,  or  belts,  are  of  changeable  breadth 
and  position,  but  all  parallel  to  his  equator.  Therefore 
they  are  not  attached  to  his  surface,  but  float  on  it,  as  clouds 
float  on  our  atmosphere.  This  Earth  will  have  somewhat 
of  this  appearance,  if  viewed  from  the  Moon ;  for  each  cli- 
mate has  a  state  of  the  sky  peculiar  in  some  degree  to  it- 
self in  this  respect,  and  there  must  be  a  sort  of  sameness 
in  one  climate  all  round  the  globe.  A  series  of  observa- 
tions on  a  particular  spot  of  Jupiter's  surface  demonstrate 
his  rotation  in  9"  S&.  -  Spots  have  been  observed  in  the 
belts,  which  have  lasted  so  long  as  to  make  several  revolu- 
tions before  they  were  effaced.  They  appear  to  require  a 
minute  or  two  more  for  their  rotation,  and  therefore  have  a 
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westerly  motion  relative  to  the  firm  surface  of  the  planet. 
This,  however,  cannot  be  depended  on  from  the  time  of 
their  rotation.  But  a  few  observations  have  been  had  of 
spots  in  the  vicinity  of  the  fixed  spot  of  his  surface,  and 
here  the  relative  motion  westward  was  distinctly  observed. 
M.  Schroeter  at  Manheim  has  observed  the  atmosphere  of 
Jupiter  with  great  care,  and  finds  it  exceedingly  variable ; 
and  spots  are  observed  to  change  their  situations  with 
■masjag  rapidity,  with  jjreat  irregularity,  but  most  com- 
monly eastward.  The  motions  and  changes  are  so  rapid, 
and  bo  extensive,  that  we  can  scarcely  consider  them  as  the 
transference  of  matter  from  one  place  to  another.  They 
more  resemble  the  changes  which  happen  in  our  atmo- 
sphere, which  are  sometimes  progressive,  over  a  great  tract 
of  the  country.  The  storm  in  1772  was  felt  from  Siberia 
to  America  in  succession.  The  gale  blew  from  the  west, 
but  the  chemical  operation  which  produced  it  was  in  the 
opposite  direction,  being  first  observed  in  Siberia.  Three 
days  afterward,  it  was  felt  at  St  Petersburg ;  two  days  after 
this,  at  Berlin ;  two  days  more,  it  was  in  Britain  ;  and  se- 
ven days  after,  it  was  felt  in  North  America-  Here  then, 
while  a  spectator  on  the  earth  saw  the  clouds  moving  to 
the  eastward,  a  spectator  in  the  Moon  would  see  the  change 
of  appearance  proceed  from  east  to  west.  The  motions  in 
the  atmosphere  of  Jupiter  must  be  very  complicated,  be- 
cause they  are  the  joint  operation  of  four  satellites.  The 
inequality  of  gravitation  to  the  first  satellite  must  be  very 
great.  And  as  each  satellite  produces  a  peculiar  tide,  the 
combination  of  all  their  actions  must  be  very  intricate. 
We  can  draw  no  conclusions  from  the  variable  spots,  be- 
cause their  change  of  place  is  no  proof  of  the  actual  trans, 
ference  of  matter. 

Such  a  relative  motion  in  our  atmosphere  and  in  the 

ocean  may  affect  the  rotation,  retarding  it,  by. its  action: on 

the  eastern  surface  of  every  obstacle.     Yet  net  change  is 

observed.    The  year,  and  the  periods  of  the  planets,  in  the, 
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time  of  Ptolemy,  are  tbe  same  with  the  preseM,  that  is, 
contain  the  one  number  of  rotations  of  the  Earth.  Per- 
haps a  compensation  is  maintained  by  this  menu  for  the 
acceleration  that  ahould  arise  from  tbe  transference  of  ml 
Ann  (he  high  land  to  the  bottom  of  the  sea,  where  it  u 
moving  round  the  axis  with  diminished  velocity. 

477.  With  this  we  conclude  oar  account  of  physical  as- 
tronomy— a  department  of  natural  philosophy  which  ahould 
ever  be  cherished  with  peculiar  ejection  by  all  who  think 
well  of  human  nature.  There  is  none  in  which  tbe  access 
to  -well-founded  knowledge  seems  so  effectually  barred 
against  us ;  and  yet  there  is  none  in  which  we  hare  made 
such  unquestionable  progress  none  in  which  we  have  ac- 
quired knowledge  so  uncon  trover  tibly  supported,  or  as 
complete.  How  much  therefore  are  we  indebted  to  tat 
man  who  laid  the  magnificent  scene  open  to  oar  view,  sad 
who  gave  us  the  optics  by  which  we  can  examine  its  most 
extensive  and  its  most  minute  parts  I  lor  Newton  not 
only  taught  us  all  that  we  know  of  the  celestial  aecharaiiii, 
bat  also  gave  us  the  mathematics,  without  which  it  would 
have  remained  unseen. 

"  Tu  Pater  et  rentm  Inventor.     Tu  pttris  nubis 
"  Suppeditu  precepts,  tuisque  ex  iuclfte  charlia 
"  Florlferii  nt  apes  in  sahihni  omnia  lihmnt, 
"  Omnia  ties  iridem  dVpsaricaw  sores  diets 
"  Aura,  ssrpetMt  semper  dla^assbas  vita." 

Ihjcsktius. 

For  surety  the  lessons  are  precious  by  which  we  are  taught 
a  system  of  doctrine  which  cannot  be  shaken,  or  share  that 
fluctuation  which  has  attached  to  all  other  speculations  of 
curious  man.  But  this  cannot  fail  us,  because  it  is  nothing 
but  a  well-ordered  narration  of  facts,  presenting  the  events 
of  nature  to  us  in  a  way  that  kt  once  points  out  their  sub- 
ordination, and  most  of  their  relations.  While  the  magni- 
ficence of  the  objects  commands  respect,  and  perhaps  raises 
our  opinion  of  the  excellence  of  human  reason  as  high  as 
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is  justifiable,  we  should  ever  keep  in  mind  that  Newton's 
success  was  owing  to  the  modesty  of  his  procedure.  He 
peremptorily  resisted  all  disposition  to  speculate  beyond 
the  province  of  human  intellect,  conscious  that  all  attain- 
able science  consisted  in  carefully  ascertaining  nature's  own 
laws,  and  that  erery  attempt  to  explain  an  ultimate  law  of 
nature,  by  assigning  its  cause,  is  absurd  in  itself,  against 
the  acknowledged  laws  of  judgment,  and  will  most  certain- 
ly lend  to  error.  It  is  only  by  following  bis  example  that 
wo  can  hope  for  his  success. 

It  is  surely  another  great  recommendation  of  this  branch 
of  natural  philosophy,  that  it  is  so  simple.  One  single 
agent,  -a  force  deoreaaing  as  the  square  of  the  distance  in- 
creases, is,  of  itself,  adequate  to  the  production  .of  all  the 
movements  of  the  boIst  system.  If  the  direction  of  the  pro- 
jection do  not  pas*  through  the  centre  of  gravity,  the  body 
will  not  only  describe  an  ellipse  round  the  central  body, 
bat  will  also  turn  round  its  axis.  By  this  rotation,  the  bo- 
dy will  alter  its  form ;  bat  the  same  power  enables  it  to  as- 
sume a  new  form,  which  is  perfectly  symmetrical,  and  is 
permanent.  This  new  form,  however,  is  oOBOoawenco  of 
the  universality  of  gravitation,  induces  a  new  motion  in  the 
body,  by  which  the  position  of  the  axis  is  slowly  changed, 
and  the  whole  host  of  heaven  ■appears  to  the  inhabitants  of 
this  Earth  to  change-  its  motions.  Lastly,  if  the  revolving 
planet  have  a  covering  of  fluid  matter,  this  fluid  is  thrown 
into  certain  regular  undulations,  which  are  produced  and 
modified  by  the  same  power. 

Thus  we  see  that,  by  following- the  simple-fact  of  gravi- 
tation of  every  particle  of  matter  to  every  other  parnVaav 
through  all  its  cempbeations,  we  find  an  explanation  of  al- 
most every  phenomenon  of.  the  solar  system  that  has  en- 
gaged the  attention  .of  the  philosopher,  .-and  that  nothing1 
more  is  needed  for  the  exphtnitiou.  Tall  we  were  put. an 
this  track  of  investigation,-  theae  diffe»mv<nw*eMent&  were 
solitary  faets-;  and,  being  eo  estrerady'.unutuvths  iwit  of 
■  Vot-  III."  »B        ...  .    ••-..  -,n.i   .. 
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man  would  certainly  have  attempted  to  explain  them  by 
causes  equally  dissimilar.  The  happy  detection  of  this 
simple  and  easily-observed  principle,  by  a  genius  qualified 
for  following  it  into  its  various  consequences,  has  freed  at 
from  numberless  errors,  into  which  we  must  hare  conti- 
nually run  while  pertinaciously  proceeding  in  an  improper 
path.  But  this  detection  has  not  merely  saved  us  from,  err- 
ors, but,  which  is  most  remarkable,  it  baa  brought  into 
view  many  circumstances  in  the  phenomena  themselves, 
•many  peculiarities  of  motion,  which  would  never  have  bean 
observed  by  us,  had  we  not  gotten  this  monitor,  pointing 
out  to  us  where  to  look  for  peculiarities.  We  should  never 
have  been  able  to  predict,  with  such  woadwful  preossan, 
the  complicated  motions  of  some  qf  the  planets,  bad  we  not 
had  this  key  to  all  the  equations  by  which  every  deviation 
from  regular  elliptical  motion  is  expressed. 

On  all  these  accounts,  physical  astronomy,  or  the  me- 
chanism of  the  celestial  motions,  is  a  beautiful  department 
ef  science.  I  do  not  know  any  body  of  doctrine  so  compre* 
hensive,  and  yet  so  exceedingly  simple ;  and  this  consider- 
ation made  me  the  more  readily  accede  to  those  reasons  of 
scientific  propriety  which  point  it  ont.as  the  first  article  of 
a  coups?  of  mechanical  philosophy;  Its  simplicity  makes  it 
easy,  and  the  exquisite  agreement  with,  observation  makes,  it 
a  tine  example  of  the  trutb  and  oowpeienoy  of  our  dynam- 
ical doctrines. 

4TsX  But  it  has  other  reeonusend&tiona,  of  a  .far  greater 
value.  Nothing  surely  so  much  eagagea-a  heart  possessed 
of  a  proper  sensibility,  as  the  cont  emplane  a  of  order  and 
harmony.  No  philosophy  is  requisite  for  being  susceptible 
ef  this  impression.  We  see  it  influence  use  conduct  of  the 
most  uncultivated.  What  else  does  .man  aim  at  in  *U  the 
bustle  of  cultivated  society  ?  Nay,  even  the  savage  makes 
same  rude  aim  at  order  and  ornament,  t 

But  what  we  aontemplatein  uWsolar  system  la  something 
more  than  mere  order  and  symmetry,  such  as  may  be  ob- 
served in  a  fine  specimen  of  crystallisation.     Tef.'orderof 
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the  swlar  system  is  made  up  of  many  palpable  titbaervienc&t, 
where  we  see  one  thing  plainly  done  for  the  sate  of  another 
thing.  And,  to  render  this  still  more  interesting,  a  mani- 
fest utility  appears  in  every  circumstance  of  the  constitution 
of  the  system,  as  far  as  we  understand  its  applicability  to 
what  we  conceive  to  be  useful  purposes.  We  can  mean 
nothing  by  utility  but  the  subserviency  to  the  enjoyments 
of  sentient  beings.  Our  opportunities  for  observations  of 
this  kind  are  no  doubt  very  limited,  confined  to  our  own 
sublunary  habitation.  But  this  circumscribed  scene  of  ob- 
servation is  even  crowded  with  examples  of  utility.  Surely 
*  it  is  unnecessary  to  recall  our  attention  to  the  numberless 
adaptations  of  the  systematic  connexion  with  the  Sun  and 
Moon  to  the  continuance  and  the  diffusion  of  the  means  of 
animal  life  and  enjoyment.  As  our  knowledge  of  the  ce- 
lestial phenomena  is  enlarged,  the  probability  becomes 
stronger  that  other  planets  are  also  stored  with  inhabitants 
who  share  with  us  the  Creators  bounty.  Their  rotation, 
and  the  evident  changes  that  we  see  going  on  is  their  at- 
mospheres, so  much  resemble  what  we  experience  here, 
that  I  imagine  that  no  man,  who  clearly  conceives  them, 
can  shut  out  the  thought  that  these  planets  are  inhabited 
by  sentient  beings.  And  there  is  nothing  to  forbid  us  from 
supposing  that  there  is  the  same  inexhaustible  store  of  sub- 
ordinate contrivance  for  their  accommodation  that  we  see 
here  for  living  creatures  in  every  situation,  with  appropri- 
ate forms,  desires,  and  abilities.  I  fear  not  to  appeal  to 
the  heart  of  every  man  who  has  learned  so  much  of  the  ce- 
lestial'phenomena,  even  the  man  who  scouts  this  opinion, 
wnetbtw  Jie  doea  -  not  feel  the  disposition  to  entertain  it 
And  I  insist  on  it,  that  some  good  reason  is  required  for 
rejecting  it. 

47ft  When  beholding  all  this,  it  is  impossible  to  pre- 
vent the  surmise,  at  least,  of  purpose,  design,  and  contriv- 
ance, from  arising  in  the  mind.  We  may  try  to  shut  it 
out — We  may  be  convinced,  that  to  allege  any  purpose  as 
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an  argument  for  the  reality  of  any  disputed  fact,  is  against 
the  rules  of  good  reasoning,  and  that  final' causes  are  im- 
proper topics  of  argument.  But  we  cannot  hinder  the  ana- 
tomist, who  observes  the  exquisite  adaptation  of  every  cir- 
cumstance in  the  eye  to  the  forming  and  rendering  vivid 
and  distinct  a  picture  of  external  objects,  from  believing 
that  the  eye  was  made  for  seeing— or  the  band  for  hand- 
ling. Neither  can  we  prevent  our  heart  from  suggesting 
the  thought  of  transcendent  wisdom,  when  we  contemplate 
'  the  exquisite  fitness  and  adjustment  which  the  mechanism 
of  the  solar  system  exhibits  in  all  its  parts. 

480,  Newton' was  certainly  thus  affected,  when  he  took  a 
considerate  view  of  all  his  own  discoveries,  and  perceived  the 
almost  eternal  order  and  harmony  which  results  from  the 
simple  and  unmixed  operation  of  universal  gravitation. 
This  single  fact  produces  all  this  fair  order  and  utility. 
Newton  was  a  mathematician,  and  aaw  that  the  law  of  gra- 
vitation observed  in- the  system  is  the  only  one  that  can  se- 
cure the  ^atmuance  of  order.  He  was  a  philosopher,  and 
saw  that  it  was  a  contingent  law  of  gravitation,  and  might 
have  been  otherwise.  It  therefore  appeared  to  Newton,  as 
it  would  to  any  unprejudiced  mind,  a  law  of  gravitation  se- 
lected as  the  most  proper,  out  of  many  that  were  equally 
possible ;  it  appeared  to  be  a  choice,  the  act  of  a  -mind, 
which  comprehended  the  extent  of  its  influence,  and  intend- 
ed the  advantages  of  its  operation,  being  prompted  by 
the  desire  of  giving  happiness  to  the  works  of  almighty 
power. 

Impressed  with  such  thoughts,  Newton  breaks  out  into 
the  following  exclamation,  *  Elegontisrima  hacce  compages 
'*  Satis  Pkuietartm  et  Comtianton,  non  nisi  consilio  et  do- 

*  minio  Entis  cujttsdam  potenti.i  et  intelligent**  oriHpo- 

*  fait.  Sac  omnia  regit,  non  ut  anima  mundi,  sed  ui  ttni- 
'  vetsorum  Dotmnus  mundorwn.  Et  propter  dominium 
'  Dombnu  Deutt  n««-,«.«™.,  die*  tolet.    Deltas  ert  dotni- 
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*  natio  Dei,  mm  in  corpus  proprivm,  tdi  sentUmt  quibtu 
'  JDeus  est  auima  mvndi,  ted  in  servos,*  &c.     ■ 

These  were  the  effusions  of  an  affectionate  heart,  sympa- 
thising with  the  enjoyment  of  those  who  shared  with  him 
the  advantages  of  their  situation.  Yet  New  ton  did  not 
know  the  full  extent  of  the  harmony  that  he  had  discovered.  ■■ 
He  thought  that,  in  the  course  of  ages,  things  would  go, 
into  disorder,  and  need  the  restoring  hand  of  God.  But, . 
as  has  been  already  observed,  De  la  Grange  has  demon- : 
strated  that  no  such  disorder  will  happen.  The  great-' 
est  deviations  from  the  most  regular  motions  will  be  almost 
insensible,  and  they  are  all  periodical,  waning  to  nothing, 
and  again  rising  to  their  small  maximum. 

481.  These  are  surely  pleasing  thoughts  to  a  cultivated 
mind.  It  is  not  surprising  therefore  that  men  of  affection- 
ate hearts  should  too  fondly  indulge  them,  and  that  they 
should  sometimes  be  mistaken  in  their  notions  of  the  pur- 
poses answered  by  some  of  the  infinitely  varied  and  com- 
plicated phenomena  of  the  universe.  And  it  would  be  no- . 
thing  but  what  we  have  met  with  in  other  paths  of  specula- 
tion, should  we  see  them  consider  a  subserviency  to  this  fan- 
cied purpose  as  an  argument  that  an  operation  of  nature  is 
effected  in  one  way,  and  not  in  another.  In  this  way,  the 
employment  of  final  causes  has  sometimes  obstructed  the 
progress  of  knowledge,  and  has  been  productive  of  error. 
But  the  impropriety  of  this  kind  of  argumentation  proceeda 
chiefly  from  the  great  chance  of  our  being  mistaken  with 
respect  to  the  aim  of  nature  on  the  occasion.  Could  this 
be  properly  established  as  a  fact,  and  could  the  subservien- 
cy of  a  precise  mode  of  accomplishing  a  particular  opera- 
tion be  as  clearly  made  out,  I  apprehend  that,  however  un- 
willing the  logician  may  be  to  admit  this  as  a  good  reason, 
he  cannot  help  feeling  its  great  force.  That  this  is  true,  is 
plain  from  the  rules  of  evidence  that  are  admitted  in  all 
courts ;  where  a  purpose  being  proved,  the  subserviency  of 
a  certain  deed  to  that  purpose  is  allowed  to  be  evidence  that 
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this  nu  the  intention  in  the  commission  of  that  deed,  tt 
is,  however,  very  rarely  indeed  that  such  argument  can  be 
used,  or  that  it  is  wanted,  and  it  never  supersedes  the  in- 
vestigation of  the  efficient  cause. 

482.  But  speculative  men  have  of  late  years  shewn  a' 
wonderful  hostility  to  final  causes.  Lord  Bacon  had  said, 
mora  wittily  than  justly,  that  all  use  of  nnal  causes  should 
be  banished  from  philosophy,  because,  '  nke  Vestals,  they 
produce  nothing.'  This  is  no(  historically  true  ;  for  much 
has  been  discovered  by  researches  conducted  entirety  by 
notions  of  final  causes.  What  other  evidence  have  we  for 
all  that  we  know  concerning  the  nature  of  man  ?  la  not 
this  a  part  of  the  book  of  Nature,  and  some  of  its  most 
beautiful  pages  ?  We  know  them  only  by  the  appearances 
of  design,  that  is,  by  the  adaptations  of  things  in  evident 
subserviency  to  certain  results.  Are  there  no  such  adsp^ 
tatkns  to  be  seen,  except  in  the  works  of  man  P  Nature  is 
crowded  with  them  on  every  band,  and  some  of  her  most 
important  operations  have  been  ascertained  by  attending  to 
them.  Dr  Harvey  discovered  the  circulation  of  the  blood 
in  this  very  way.  He  saw  that  the  valves  hi  the  arteries 
and  veins  were  constructed  precisely  like  those  of  a  double 
forcing  pomp,  and  that  the  muscles  of  the  heart  were  also 
fitted  for  an  alternate  systole  and  diastole,  so  corresponding 
to  the  structure  of  those  valves,  that  the  whole  was  fit  for 
performing  such  an  office.  With  boldness  therefore  he  as- 
serted that  the  beatings  of  the  heart  were  the  strokes  of 
this  pump ;  and,  laying  the  heart  of  a  living  animal  open 
to  the  view,  he  had  the  pleasure  of  seeing  the  alternate  ex- 
pansion and  contractions  of  its  auricles  and  ventricles,  ex- 
actly as  he  had  expected.  Here  was  a  discovery,  as  curious, 
as  great,  as  important,  as  universal  gravitation.  In  precisely 
the  same  way  have  all  the  discoveries  in  anatomy  and  phy- 
siology been  made.  A  new  object  is  seen.  The  discoverer 
immediately  examines  its  structure— why  ?  To  see  what 
it  can  perform  t  and  tf  heseesanumberof  eoadaptations  to 
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a  particular  purpose,  he  does  not  hesitate  to  say,  <  this  is 
its.  purpose.1  He  bos  often  been  mistaken;  but  the  mis- 
takes have  been  gradually  corrected— bow  ?  By  discover- 
ing what  is  the  real  structure,  and  what  the  thing  is  really 
St  for  performing.  The  anatomist  never  imagines  that 
what  be  has  discovered  is  of  no  use.*  .  , 

4B&  So  far  therefore  from  banishing  the  consideratipu 
of  final  causes  from  our  discussions,  it  would  look  more  like 
philosophy,  more  like  the  love  of  true  wisdom,  and  it  would 
taste  less  of  an  idle  curiosity,  Were  wc  to  multiply  our  re- 
searches in  those  departments  of  nature  where  final  causes 
are  the  chief  objects  of  our  attention—the  structure  and 
economy  of  organised  bodies  in  the  animal  and  vegetable 
hjngiknM  I  cannot  help  remarking,  with  regret,  that  of 
late  Tears,  the  taste  of  naturalists  baa  greatly  changed,  auda 
in  my  humble  opinion,  tor  the  worse.  The  study  of  inert 
matter  has  supplanted  that  of  animal  life.  Chemistry  and 
mineralogy  are  almost  the  sole  objects  of  attention.  Nay, 
the  mssH  of  nature,  the  shattered  relics  of  a  former  world,. 
seems  a  more  engaging  object  than  the  numberless  beauties, 
that  now  adorn  the  present  surface  of  our  globe.  I  acknow- 
ledge that,  even  in  those  inanimate  works,  God  has  not  left 
himself  without  a  witness.  Yet  surely  we  do  not,  in  the  bowels 
of  the  Earth,  nor  even  in  the  curious  operations  of  chemi- 
cal affinity,  see  so  palpably,  or  so  pleasantly,  the  incompre- 
hensible wisdom  and  the  providential  beneficence  of  the 
Father  of  all,  as  in  the  animated  objects  of  nature. 

It  is  not  easy  to  account  for  it,  and  perhaps  the  explana- 
tion would  not  be  very  agreeable,  why  many  naturalists  so 


"  J  would  earnestly  recommend  to  my  young  readers  wne  excellent 
remarks  on  the  argument  of.  final  causes  (without  which  Cicero 
thought  that  there'  is  no  philosophy)  in  the  preface  by  the  editor  of 
Ikrham's  Phytic©- Theology,  published  at  London  in  1798.  He  there 
consider*  the  proper  province  of  this  argument,  its  use,  and  incautious 
abuse,  with  the  greatest  perspicuity  and  judgment. 
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fastidiously  avoid  such  views  of  nature  as  tend -to  lead  the 
mind  to  the  thoughts  of  its  Author.  We  see  them  even 
anxious  to  weaken  every  argument  for  the  appearance  of 
design  in  the  construction  and  operations  of  nature.  One 
should  think,  that,  on  the  contrary,  such  appearance  would 
be  most  welcome,  and  that  nothing  would  be  more  dreary 
and  comfortless  than  the  belief  that  chance  or  fate  rules  all 
the  events  of  nature. 

1  464.  I  have  been  led  into  these  reflections  by  reading  a 
passage  in  M.  de  la  Place's  beautiful  Synopsis  of  the  New- 
tonian Philosophy,  published  by  him  in  1796,  under  the 
title  of  Systime  du  Monde.  In  the  whole -of  this  work,  the 
author  misses  no  opportunity  of  lessening  the  impression 
that  might  be  made  by  the  peculiar  suitableness  of  any  cir- 
cumstance in  the  constitution  of  the  solar  system  to  render 
it  a  scene  of  habitation  and  enjoyment  to  sentient  beings, 
or  which  might  lead  the  mind  to  the  notion  of  the  system's 
being  contrived  for  any  purpose  whatever.  He  sometimes, 
on  the  contrary,  endeavours  to  shew  how  the  alleged  pur- 
pose may  be  much  better  accomplished  in  some  other  way. 
He  labours  to.  leave  a  general  impression  on  the  mind,  that 
the  whole  frame  is  the  necessary  result  of  the  primitive  and 
essential  properties  of  matter,  and  that  it  could  not  be  any 
thing,  but  what  it  is.  He  indeed  concludes,  like  the  illus- 
trious Newton,  with  a  survey  of  all  that  has  been  done  and 
discovered,  followed  by  some  reflections  suggested  (as  ha 
says)  by  this  survey. 

"  Astronomy, "  says  M.  de  la  Place,  *'  in  its  present 
"  state,  is  unquestionably  the  most  brilliant  specimen  of  the 
"  powers  of  the  human  understanding."  He  does  not,  how- 
ever, tell  us  this  is  so  manifest.  He  does  not  say  how  that 
this  object,  which  has  engaged,  and  so  property  occupied  this 
floe  understanding,  has  any  thing  to  justify  the  choice, 
either  on  account  of  its  beautiful  symmetry,  or  exquisite 
contrivance,  or  multifarious  utility;  or,  in  short,  that  it  is 
an  object  that  is  worth  looking  at.     But  he  gives  ua  to  un- 
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;  astronomy  baft  now  taught  us  how  much  we 
were  mistaken,  in  thinking  ourselves  an  important  part  of 
the  universe,  for  whose  accommodation  much  has  been 
done,  at  if  we  were  objects  of  peculiar  care.  But  we  bare 
keen  punished,  says  be,  for  these  mistaken  notions  of  self- 
importance,  by  trie  foolish  anxieties  to  which  they  have 
given  rise,  and  by  the  subjugation  to  which  we  have  sub- 
mitted, while.,  under  the  influence  of  these  superstitious 
terrors.  Mistaking  onr  relations  to  the  rest  of  the  universe, 
social  order  has  been  supposed  to  have  other  foundations 
than  justice  and  truth,  and  an  abominable  maxim  has  been 
admitted,  that  it  was  sometimes  useful  to  deceive  and  to 
subdue  mankind,  in  order  to  secure  the  happiness  of  so- 
ciety. But  nature  resumes  her  rights,  and  cruel  expe- 
rience has  shewn  that  she  will  not  allow  those  sacred  laws 
to  be  broken  with  impunity. 

■  485.  I  think  it  will  require  some  investigation  before  we 
can  find  out  what  connexion  there  is  between  the  disco- 
veries of  Sir  Isaac  Newton,  and  this  mysterious  detection 
that  M.  de  la  Place  has  at  last  deduced  from  the  surrey. 
It  is  communicated  in  the  dark  words  of  an  oracle,  and  we 
are  left  to  interpret  for  ourselves.  I  can  affix  no  meaning 
but  this,  that  ignorance  and  self-conceit  have  made  us  ima- 
gine that  this  Earth  is  the  centre,  and  the  principal  object  of 
the  universe,  and  that  all  that  we  see  derives  its  value  from 
its  subserviency  to  this  Earth,  and  to  man  its  chief  inhabit- 
ant. We  fondly  imagined,  that  we  are  the  objects  of  pe- 
culiar care,— that  it  is  for  us  that  the  magnificent  spectacle 
is  displayed,— and  that  our  fortunes  are  to  be  read  in  the 
■tarry  heavens.  But  it  is  now  demonstrated  that  this  Earth, 
when  compared,  even  with  some  single  objects  of  our  sys- 
tem, is  but  like  a  peppercorn.  The  whole  system  is  but 
as  a  point  in  the  universe.  How  insignificant,  then  ate.we! 
But  we  have  been  justly  punished  for  our  self-conceit,  by 
%  that  the  stars  influence  our  fortunes,  and  -have 
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made  ourselves  the  wiUiftg'dupes  of  a 
soyers. 

Thds  far  I  think  that  M.  de  la  Place's  word*  bars  bomb: 
meaning,  but,  surely,  wry  little  importance;  nor  did  it 
call  for  any  congratulatory  address  to  hie  oMtfeMfnrarM 
OH  their  emancipation  from  sueh  fears.  It  is  more  than  * 
century  since  all  thoughts  of  die  centra)  situation- and  greet, 
bulk  of  the  Earth,'  and  of  the  influent*  of  the  stars  on  bin: 
man  affairs,  have  been  exploded  and  forgotten.  ' 

Bat  the  remaining  part  of  the  remarks*  about  social 
order,  and  truth,  and  justice,  and  about  decettiag  and  ea>- 
slaving  mankind,  in  order  to  secure:  their  happiness,  is  more- 
mysterious.  "  More  is  meant  than  meetathe  ear."  M. 
de  la  Place  carefully  abstains,  through  -the  whole  of  tins 
performance,  from  all  reference  to  a  Corttrivery  Greater,  -or. 
Governor  of  the  Universe,  particularly  in  (he  presetit  re- 
flections, zekich  are  to  pointedly  contratttd  with  the  con- 
cluding reflections  of  the  great  Newton'.  The  oppesatjoti 
is  so  remarkable,  that  it  startles  every  reader  who  has  peras- 
ed  the  Principia.  I  cannot  but  suspect  that  M.  de  la 
Place  Would  here  insinuate  that  the  doctrine  of  a  Deity, 
the  Maker  and  Governor  of  this  World,  and  at  hit  peculiar 
attention  to  the  conduct  of  men,  is  not  consistent  with 
truth ;  and  that  the  sanctions  of  religion,  which  have  long 
been  venerated  as  the  great  security  of  society,  are  as  little 
consistent  with  justice.  The  duties  which  we  are  said  to 
owe  to  this  Deity,  and  the  terrors  of  punishment  in  a  fix- 
ture state  of  existence  for  the  neglect  of  them,  have  enabled 
wicked  men  to  enslave  the  world,  subjecting  mankind  to  an 
oppressive  hierarchy,  or  to  some  temporal  tyrant  The 
priesthood  has,  in  all  ages  and  nations,  been  the  great  sup- 
port of  the  despot's  throne.  But  now  man  has  resumed 
his  natural  rights.  The  throne  and  the  ahar  are  overturn- 
ed, and  truth  and  justice  are  the  order  of  the  day. 

4fJ6^'  This  toby  no  means  a  groundless  interpretation  of 
De  la  Place's  words.     He  has  given  abundant  proofs  of 
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these  being  his  sentiments.  It  acwwds.  cosrptetety  with  hu 
xnxious  endeavours,  on  all  occasions,  to  flatten  or  doprew 
every  thing  that  has  ttoc  appearance  of  order,  beauty,  or 
subserviency,  and  to  resolve  all  into  die  irresistible  opera- 
tion of  the  esmitiiil  properties  of  matter. 

487.  Of  all  thft^nwrks  of  purpose  and  of  wise  contriv- 
ance in  the  solar  SySteDs,  the  most  conspicuous  ie  the  selec- 
tion of  •  gravitation  in  the  inverse  duplicate  ratio  of  the 
distances.  Till  wi thin  these  few  eventful  years,  it  has  been 
the  professed  admiration  of  philosophers  of  all  sects.  Even- 
the  materialists  have-  not  always  been  on  their  guard,  nor 
taken  care  to  suppress  their  wonder'  at  the  almost  eternal 
duration  and  order  which  it  secures  to  the  solar  system. 
But  M.  de  la  Place  annihilates  at  once  all  the  wisdom  of 
this  selection,  by  saying,  that  this  law  of  gravitation  is 
essential  to  all  qualities  that  are  diffused  front  a  centre.  It 
is  the  law  of  action  inherent  in  an  atom  of  matter  in  virtue 
of  its  mere  existence.  Therefore,  it  is  no  indication  of  pur- 
pose) or  mark  of  cheiee,  or  example  of  wisdom.  It  cannot 
be  otherwise.     Matter  is  what  it  is. 

H.  de-la  Place  was  aware  that  this  assertion,  so  contrary 
to  a  notion  long  and  fondly  entertained,  would  not  be  ad- 
mitted without  some  unwillingness.  He,  therefore,  gives 
a  demonstration  of  his  proposition.  He  compares  the  ae- 
tion  of  gravity,  at  different  distances,  with  the  illumination 
of  a  surface  placed  at  different  distances  from  the  radiant 
point.  Thus,  let  light,  diffused  from  the  point  A  (Fig. 
54.)  shine  through  the  hole  B  C  I>  E,  which  we  shall  sup- 
pose an  inch  square,  and  let  this  light  be  received  on  a  sur- 
face bede  parallel  to-  the  hole,  and  twice  as  far  from  A. 
We  knew  that  it  will  illuminate  a  surface  of  four  square 
inches.  Therefore,  since  all  the  light  which  covers  these 
four  inches,  came  through  a  bole  of  one  inch,  the  light  in 
any  part  of  the  illuminated  surface-  is  four  times  weaker 
than  in  the  hole,  where  it  is  four  times  denser.  In  like 
manner,  the  intensity,  and-  efficiency  of  any  quality  diffused 
from  A,  and  operating  at  twice  the  distance,  must  be  four 
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times  less  or  weaker ;  and  *t  thrice  the  distance  it  matt  be 
nine  times  weaker,  Sic.  &c 

188.  Bat  there  is  not  toe  least  shadow  of  proof  bete,  nor. 
an/  similarity,  on  which  an  argument  may  be  found- 
ed. We  have  no  conception  of  any  degrees  or  magnitude 
in  the  intensity  of  any  sueb  quality  as  gravitation,  attrac- 
tion, or  repulsion,  nor  any  measure  of  them,  except  the 
very  effect  which  we  conceive  them  to  produce.  At  a 
double  distance,  gravity  will  generate  one-fourth  of  the  ve- 
locity in  the  same  time.  But  this  measure  of  its  strength 
or  weakness  has  no  connexion  whatever  with,  density,  or 
figured  magnitude,  on  which  connexion  the  whole  argu- 
ment is  founded.  What  can  be  meant  by  a  double  den- 
sity of  gravity  ?  What  is  this  density  ?  It  is  purely  a  geo- 
metrical notion ;  and  in  our  endeavour  to  conceive  it  with 
some  distinctness,  we  find  our  thoughts  employed  Upon  a 
certain  determined  number  of  lines  spreading  every  way 
from  the  radiant  point,  and  pasting  through  the  hole 
B  C  D  E  at  equal  distances  among  themselves.  It  is  very 
true  that  the  number  of  those  lines  which  will  be  intercept- 
ed by  a  given  surface  at  twice  the  distance  will  be  only  one- 
fourth  of  the  number  intercepted  by  the  sane  surface  at 
the  simple  distance.  But  I  do  not  see  bow  this  can  apply 
to  the  intensity  of  a  mechanical  force,  unless  we  can  consi- 
der this  ibrce  as  an  effect,  and  can  show  the  influence  of 
each  line  in  producing  the  effect  which  we>  call  the  force, 
and  which  we  consider  as  the  cause  of  the  phenomenon 
called  gravitation.  But  if  we  take  this  view  of  it,  it  is, no 
longer  an  example  of  his  proposition — a  force  diffused  from 
a  centre.  For,  in  order  to  have  the  efficiency  .inversely  aj 
the  square  of  the  distance, .  it  is  measured  by  the  number 
of  efficient  lines  intercepted.  Here  it  is  plain  that  the 
efficiency  of  one  of  those  hues  is  held  to  be  equal  at  every 
distance  from  the  centre.  Such  incongruity  is  mere  nan- 
sense. 
This  conception  of  a  bundle  of  lines  is  the  sole  foundn- 
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tion  for  any  argument  in  the  present  case.  La  Place- 
indeed  tries  to  avoid  this  by  a  different  way  of  expressing 
his  example.  A  certain  quantity  of  light,  says  he,  goes 
through  the  hole.  This  is  uniformly  spread  over. four 
times  die  surface,  and  must  be' four  times  thinner  spread. 
But  this,  besides  employing  a  gratuitous  notion  of  light, 
which  may  be  rafused,  involves  the  same  notion  of  discrete 
numerical  quantity.  If  light  be  not  conceived  to  consist 
of  atoms,  there  can  be  no  difference  of  density ;  and  if  we 
consider  gravity  in  this  way,  we  get  into  the  hypothesis  of 
mechanical  impulsion,  and  are  no  longer  considering  gra- 
vity as  a  primordial  force  or  quality. 

489.  But  this  pretended  demonstration  is  still  more  de- 
ficient in  metaphysical  accuracy.  The  proposition  to  be 
demonstrated  is,  that  the  gravitation  towards  an  atom  of 
matter  is  in  the  inverse  duplicate  ratio  of  the  distance,  in 
whatever  point  of  space  the  gravitating  atom  it  placed. 
But  if  we  take  our  proof  of  the  ratio  from  the  conception 
of  these  lines,  and  their  density,  we  at  once  admit  that 
there  are  an  infinity  of  situations  in  which  there  is  no  gra- 
vitation: at  all,  namely,  in  the  intervals  of  these  lines.  The 
number  of  situations  in  which  the  atom  gravitates  isa'mere 
nothing  in  comparison  with  those  in  which  it  does  not. 
We  must  either  suppose  that  both  the  quality  and  the  Bur- 
face  influenced  by  it  are  continuous,  uninterrupted,— or 
both 'must  be  conceived  as  discrete  numerical  quantities, 
the  quality  operating  along  a  certain  number  of  lines,  and 
the  surface  consisting  of  a  certain  number  of  points.  We 
must  take  one  of  these  views.  But  neither  of  them  gives 
US  any  conception  of  a  different  energy  at  different  distan- 
ces. If  the  surface  be  continuous,  and  the  quality  every 
where  operative,  there  can  be  no- difference  of  effect,  unless 
we  at  once-  admit  that  the  energy  itself  changes  with  the 
distance.  But  this  change  can  have-no  relation  to  a  change 
of  density,  a  thing  altogether  inconceivable  in  a  continuous 
substance ; — where  every  place  is  full,   there  can  be  no 
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more.  Oil  the  other  hand,  if  the  quality  be  exerted  only 
along  certain  lines,  and  the  surface  only  contain  a  certain 
number  of  points,  we  can  find  no  ground  for  establishing 
any.  proportion. 

460.  The  simple  and  true  state  of  the  question  is  this. 
Suppose  only  two  indivisible  atoms,  or  two  mathematical 
points  of  such  atoms,  in  the  universe.  If  these  atoms  be 
supposed  to  attract  each  other,  wherever  they  art  -placed, 
do  we  perceive  any  thing  in  our  conception  of  this  force 
that  can  enable  us  to.  say  that  the  attraction  is  equal  or  un- 
equal, at  different  distances  F  For  my  own  part  I  know 
nothing.  The  gravitation,  and  its  law  of  action,  ant  mere 
phenomena,  like  the  thing  which  I  call  matter-  This  is 
equally  unknown  to  me.  I  merely  observe  certain  rela- 
tions, which  have  hitherto  been  constant,  and  I  am. led  by 
the  constitution  of  my  mind  to  expect  the  continuation  of 
these  relations.  My  collection  of  such  observations  is  my 
knowledge  of  its  nature.  This  gravitation  is  one  of  them, 
end  this  is  all  that  I  know  about  it. 

491.  The  observed  relations  may  be  such  that  they  in- 
volve certain  consequences.  This,  in  particular, -has  con- 
sequences that  cannot  be  disputed.    If  gravitation  .In  the 

ratio  of  — ;  be  the  primordial  relation  of  all  matter,  and  the 

source  of  ail  others  (which  is  part  of  La  Place's  system),  It 
is  impossible  that  a  particle  composed  of  such  atoms  can 
act  with  a'  force  which  decrease*  more  rapidly  by  an  in- 
crease of  distance ;  but  there  are  many  phenomena  which 
jt"ijr«**  a  much  more  rapid  decrease  of  force.  Simple  co- 
hesion of  solid  bodies  is  one  of  these.  The  expansion  of 
some  exploding  compositions  ishew  the  same  thing.  We 
may  add,  that  no  composkira  of  such  atoms  can  form  re- 
petlmg  particles,  nor  give  rise  to  many  expansive  fluids,  or 
indeed  to  any  of  the  ordinary  phenomena  of  elastic  bodies. 
But  those  things  an  not  imraediately  before  uSj'aod  we 
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Wsall  have  another  and  a  better  opportunity  of  nomidehog 
many  things  connected  with  this  great  question. 

♦92.  De  la  Place  is  not  the  first  person  who  has  attempt- 
ed a  demonstration  of  this  proposition.  Dr  David  Qiega- 
ry,  in  his  valuable  work  on  astronomy,  baa  done  the  same 
thing,  and  nearly  in  the  same  way  with  La  Plage.  Leib- 
nrta,  iat  that  arrange  letter  to  the  editors  of  the  Leipzig  Re- 
view, in  which  he  answers  same  of  Gregory's  objections  to 
-his  own  theory  of  the  oeteatiai  notions,  mentions  an  Italian 
professor  who  gave  the  same  argument,  .and  affected  t* 
consider  this  ratio  of  planetary  force  as  known  to  him  be- 
fore Newton's  discovery.  JLeibniU  thinks  the  argument  a 
very  good  one,  because,  rsatbcoWwaUy  speaking,  it  is  the 
same  thing  whether  the  rays  be  illuminative  or  attractive. 
If  this  be  not  nonsense,  I  do  not  know  what  is.— Several 
compilers  of  elements  employ  the  same  argument ;  but  no- 
thing van  be  less  to  the  purpose.  Nothing  can  be  more  U+ 
logical  than  to  apeak  of  demonstrating  any  primordial  qua- 
lity. Newton  was  sorely  more  interested  in  this  question 
than  any  other  person ;  and  we  may  be  certain  that  if  he 
oaukt  have  supported  bis  discovery  of  ■this  law  of,ga»vjla- 
tioo  by  any  argument  tram  higher  principles,  he  rapst,  cer- 
tainly would  have  done  it.  Bat  there  is  -  no  tmce  of,  any 
attempt  of  the  load  among  bis  writings — doubtless  becausa 
he  saw  the  folly  of  the  attempt. 

49S.  I  trust  that  the  reader  will  forgive  me  fox  takuig 
up  so  much  of  bu  time  with  this,  question,  .  It  seema.immij 
of  prkaary  ianportaaea.  ■  Charged  as  I  am  with  the  instrufa 
lean  of  youth— the  future  hopes  of  our  eountty-k-it  is.  ;«}y. 
bounden  duty  to  guard  their  minds  from  every  thing  thai, 
I  think  hazardous.  .This  is  the.  Bjpre.ipciiBibentr.on.ipe, 
when  ,1  see  natural  philosophy  calumniated,  and,  accuie4.oJ: 
lending  bar  support  *».  doctrines  which:  age  .diB-abhornepcs 
of  all  the  wise  and  good.  I  cannot  better  discharge  thja 
duty  than  by  wiping  off  this  stain,  with  which  careless  ig- 
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noranee,  or  atheistical  perversion,  has  disfigured  the  Jar 
features  of  philosophy.  I  was  grieved  when  I  first  saw  M. 
de  Ik  Place,  after  having  so  beautifully  epitomised  the  phi' 
lotophy  of  Sir  Isaac  Newton,  conclude  his  performance  with 
such  a  marked  and  ungraceful  parody  on  the  closing  re- 
flections of  our  illustrious  master ;  and,  as  I  warmly  re- 
commend this  epitome  to  my  pupils,  it ;  became  the  mare 
necessary  to  take  notice  of  the  reprehensible  peculiarities 
which  occur  in  different  parts  of  the  work ;  and  particular- 
ly of  this  proposition,  from  which  the  materialists  seem  to 
entertain  such  hope*. 

'  It  is  somewhat  amusing  to  remark  bow  the  authority  of 
Sir  Isaac  Newton  has  been-  eagerly  catched  at  by  the  atheist- 
ical sophists  to  support  their  abject  doctrines.  While  some 
hankering  remained  in  France  for  the  Atomistic  philoso- 
phy, and  there  was  any  chance  of  bewildering  the  imagina- 
tions, and  misleading  the  understandings,  of  such  as  wished 
to  acquire  a  confident  faith  in  the  reveries  of  Democritu* 
and  Epicurus,  M.  Diderot  worked  into  a  better  shape  the 
slovenly  performance  of  Robmet,  the  Sytt&me  de  la-NxUtm, 
and  affected  to  deduce  all  his  vibrations  and  vibnuiiuiaies 
from  the- elastic  Bsther  of  Sir  Isaac  Newton,  dressing  up  the 
scheme  with  mathematical  theorems  and  corollaries.  And 
thus,  Newton,  one  of  the  most  pious  of  mankind,  was  set  at 
the  head  of  the  atheistical  sect 

But  this  mode,  having  had  its  day,  H  now  passed,  and 
is  become  obsolete'— the  tide  ■  has  completely  tamed,  and 
theseth'er  is  no  longer  wanted.  But  the  sect  would  not  quit 
thrir  hold  of  Sir  Isaac  Newton.  The  doctrine  of  universal 
fate'  is  now  {bunded  on '  Newton's  great  discovery  of  gravi- 
taaori-inthe  inverse  duplicate  ratio  of  the  distances.  It 
is  rtill  called  the  discovery  of  the  illustrious  Englishman, 
and'  is  passed  from  hand  to  band  with  all  the  authority  of 
his  name.  •■■!■■■  .< 
"Ail*.  Btrt  surely -to  us,  the  scholars  of  Newton,',  the  futi- 
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.  lity  of  this  attempt  is  abundantly  mwiftH,  As  the  worthy 
pupils  of  our  accomplished  teachnr,  we  will  join  with  Mm 
in  considering  universal  gravitation  as  a  noble  proof  of  the 
existence  sod  superintendence  of  a  Sctpeeme  Mind,  and  a 
conspicuous  nark  of  its  transcendent  wisdom.  The  disco- 
very of  this  relation  between  the  particles  of  that  matter  of 
which  the  solar  system  consists  is  acknowledged,  even  by 
the  materialists,  to  have  set  Newton  at  the  head  of  philoso- 
phers. They  must  therefore  grant  that  it  has  something 
in  it  of  peculiar  excellence.  Indeed  whoever  is  able  to  fol- 
low the  steps  of  Newton  over  the  magnificent  scene,  must 
be  affected  as  he  was,  and  must  pronounce  '  all  very  good.' 
It  is  peculiarly  deserving  of  remark,  that  we  see  many  con- 
trivances in  this  system,  which  are  of  manifest  subservien- 
cy to  the  enjoyments  of  man,  and  which  do  not  appear  to 
have  any  farther  importance.  Man  is  unquestionably  the 
lord  of  this  lower  world,  and  all  things  are  placed  under 
bis  feet  But  we  see  nothing  to  which  man  is  exclusively 
subservient — nothing  that  is  superior  to  man  in  excellence, 
so  far  as  we  can  judge  of  what  is  excellent — nothing  but 
that  wisdom,  that  power,  and  that  beneficence,  which  seem 
to  indicate  and  to  characterise  the  Author  and  Conductor 
of  the  whole ; — and,  I  may  add,  that  it  is  not  one  of  our 
smallest  obligations  to  the  Author  of  Nature,  that  He  has 
given  us  those  powers  of  mind  which  enable  us  to  perceive 
and  to  be  delighted  with  the  sight  of  this  bright  e 
of  all  his  perfections. 

"  Sanctiua  his  animal.,  menticque  capaciua  alte, 
*'  Fiaxit  in  efflgiem  moderantiim  cuncU  Deortun, 
"  Pronaque  cam  specWnt  tntnwMs  cetera  terrain, 
"  Ob  homhii  rablttne  dedit,  ecelumque  tueri 
"  Jnsatt,  et  erectoa  ad  sidera  toilers  vultui." 

Ovn>. 

Allow  me  to  conclude  in  the  words  of  Dr  Halley  : 
Vol.  HI.  ft  C 
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"  Tail*  monitcantm  nwenm  celebrate  Cunceais,, 
"  Vot,  6  ccelicoldm  gaodeott*  secure  read, 
"  Newton um,  clausi  reseroiitem  scriuU  Veri, 
"  Newtonom,  MusU  charum,  cui  pectore  pnro 
"  Phoebus  adest,  totoqne  incesrit  Nmrnne  tnentem, 
"  Nee  &t  eae  propiu*  mortal!  attiBgere  dlwjt." 

&1UIT. 
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Tuxscora,  an  optical  instrument  for  viewing  distant  ob- 
jects ;  bo  named  by  compounding  the  Greek  words  n>jjar, 
off,  and  nwu  to  look  at  or  contemplate.  This  name  is 
commonly  appropriated  to  the  larger  sizes  of  the  instru- 
ment, while  the  smaller  are  called  pexifiictiyx  glasses, 
s7T>classes,  ofhka-glabsbs.  A  particular  kind,  which 
is  thought  to  be  much  brighter  than  the  rest,  is  called  a 

NIGHT-GLASS. 

To  what  baa  commonly  been  stated,  respecting  the  in- 
ventor of  this  moat  noble  and  useful  instrument,  we  may 
add  the  two  following  claims. 

Mr  Leonard  Diggea,  a  gentleman  of  the  last  century, 
of  great  and  various  knowledge,  positively  asserts  in  his 
Stratoticot,  and  in  another  work,  that  his  father,  a  military 
gentleman,  had  an  instrument  which  be  used  in  the  field,- 
by  which  be  could  bring  distant  objects  near,  and  could 
know  a  man  at  the  distance  of  three  miles.  He  says,  that 
when  his  father  was  at  home  he  had  often  looked  through 
it,  and  could  distinguish  the  waving  of  the  trees  on  the  op- 
posite side  of  the  Severn.  Mr  Digges  resided  in  the  neigh- 
bourhood of  Bristol. 

Francis  Fontana,  in  his  Celestial  Observations,  published 
at  Naples  in  1646,  says,  that  he  was  assured  by  a  Mr 
Hardy,  advocate  of  the  parliament  of  Paris,,  a 'person  of 
great  learning  and  undoubted  integrity,  that  on  the  death 
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of  bis  father,  there  was  found  among  his  things  so  oM 
tube,  by  which  distant  objects  were  distinctly  seen ;  and 
that  it  was  of  a  date  long  prior  to  the  telescope  lately  in- 
vented, and  had  been  kept  by  him  as  a  secret. 

It  is  not  at  all  improbable1,  that  curiam  people  handling 
spectacle-glasses,  of  which  there  were  by  this  time  great  va- 
rieties, both  convex  and  concave,  and  amusing  themselves 
with  their  magnifying  power  and  the  singular  effects  which 
they  produced  in  the  appearances  of  things,  might  some- 
times chance  so  to  place  them  as  to  produce  distinct  and  en- 
larged vision.  We  know  perfectly,  from  the  table  and 
scheme  which  Sittunss  ha*  given  as  o£  dar  tnels  or  dishes  in 
which  the  spectacle^akers  fashioned  their  glsasesy  that  they 
had.  convex  lenses  foamed  wt-spheses  of  84  inches- diameter.' 
and  of  11  inferior  sizes.  He  has  given  im  a  scheme  of  a 
set  which  he  got  leave  to  measure  belonging  to  asnecaarJav 
maherof  theaaaneof.Xo^en'eat  Coronna-ia-  Spain;'  and  a* 
nys  that  this  man,  had  tools  of  the  same  grata  for  concave 
glasses.  It  also  appears,  that  it  was  a  general  practice  (of 
which  we  do  not  know  the  precise  purpose)  to  use  m  too- 
vex  and  coneavti  gleei  together.  If  any  ptsaon  should  chataee 
to  put  together  a  24-inch  convex  and  a>  19-ineb  ooneava 
(wrought  oa  both  sides.)  at  the  distance  of  6  inches,  he 
would  have  distinct  yioon,  ami  the  object  would:  appear  of 
double  sice.  Concaves  of  6  inches  erne  not  unooranion, 
and  one  such  combined  with,  the  convex  of  24,  at  the  die. 
tanee  of  9  inches,  would  base  distinct  vision,  and  objects 
would  be  quadrupled  in  diameter.  When  such  a  thing  act 
enrrod,  it  was  snAural  to  keep  it  as  a  cariosity,  aitbongh 
the  rationale  of  it*  operation  was  not  in  the  least  understood. 
We  doubt  not  but  that  this  happened  much  o&ener  then  in 
these  two  instances.  The  chief  wonder  m,  that  it  wan  net 
frequent,  and  taken,  notice  of  by  some  warter.  It  is  pretty 
plain  the*  Grilse's  first  telescope  was  of  this  kind,  nude,  up 
ofaueh  apectarir-gfasses  as  he  ocuas  procure;  foritmagni. 
find  only  three  times  ist  diaane*eiy~a  thing-  easily  procured 
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by  such  glasses  as  he  could  find  with  every  spectacle-maker. 
And  he  could  not  but  observe,  in  hit  trials  ef  .their  glasses, 
that  the  deeper  concaves  and  flatter  convenes  be  employed, 
be  produced  the  greater  amplification  %  and  then  he  weald 
find  himself  obliged  to  provide  a  tool  not  used  by  the  spec- 
tacle-makers, vis.  either  a  Much  flatter  toel  &r  aeoowac 
turfaffj  or  a  much  smaller  sphere  Sax  a  concave :  and,  nnf 
withstanding  his  telling  us  that  it  was  by  reflecting  on  the 
nature  of  retraction,  and  without  any  iBatructaen,  »e  are 
persuaded  that  he  proceeded  in  this  very  way.  His  next 
telescope  magnified  but  Ave  .times.  Now  the  slightest  ac- 
quaintance with  the  .obvious  laws  of  refraction  would  have 
directed  him  at  once  to  a  very  small  and  deep  concave, 
which  would  have  bean  much  easier  made,  and  have  mag- 
nified mere.  But  he  groped  his  way  with  such  apectacle- 
glassea  as  he  could  get,  tiU  he  at  hut  made  took  for.  very 
flat  object-glasses  and  very  deep  eye-glasses,  and  produced 
a  telescope  which  magnified  about  %%  tunes.  Sirtwus  saw 
it,  and  took  she  measures  of  it.  He  afterwards  saw  a  scheme 
of  it  -which  Galileo  had  sent  to  a  German  prince  at  I* 
snruofa,  who  had  it  drawn  (that  is,  the  circles  fer  the  tools) 
«n  a  table  ja  his  gallery.  The  object-glass  was  a  plano- 
convex, a  portion  of  a  sphere,  of  24  inches  diameter; 
the  eye-glass  was  a  doable  concave  of  two  inches  diameter : 
the  focal  distances  were  therefore  24  inches  and  one  inch 
nearly.  This  .must  have  bees  a  very  lucky  operation,  tbr 
Sirturus  says  it  was  the  beat  telescope  he  had  seen ;  and  we 
know  that  it  requires  the  very  best  work  to  produce  this 
magnifying  power  with  such,  small  spheres.  Telescopes 
continued  to  be  made  in  this  way  for  many  years ;  and  Ga- 
lileo, though  keenly  engaged  in  the  observation  of  Jupiter's 
satellites,  being  candidate  far  the  prise  held  out  by  the 
Dutch  for  the  discovery  of  the  longitude,  and  therefore 
much  interested  is  the  advantage  which  a  eenvex  eye-glass 
would  have  given  him,  never  made  them  «f  any  other  form 
Kapler  published  hisIkBptricsuil6l  I  f  in  which  he-teus  uft> 
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all  that  he  or  others  had  discovered  of  the  law  of  refraction, 
viz.  that  in  very  small  obliquities  of  incidence,  the  angle  of 
refraction  was  nearly  Jd  of  the  angle  of  incidence.  .  This 
was  indeed  enough  to  have  pointed  out,  with  sufficient  ex- 
actness, the  construction  of  every  optical  instrument  that  we 
are  even  now  possessed  of;  fur  this  proportionality  of  the 
angles  of  incidence  and  refraction  is  assumed  in  the  construe 
tion  of  the  optical  figure  fin*  all  of  them ;  and  the  deviation 
from  it  is  still  considered  as  the  refinement  of  the  art,  and  was 
not  brought  to  any  rule  till  50  years  after  by  Huyghena, 
and  called  by  him  aberration.  Yet  even  the  sagacious 
Kepler  seems  not  to  have  seen  the  advantage  of  any  other 
construction  of  the  telescope.;  he  just  seems  to  acknow- 
ledge the  possibility  of  it ;  and  we  are  surprised  to  see  wri- 
ters giving  him  as  the  author  of  the  astronomical  telescope, 
or  even  as  hinting  at  its  construction.  It  is  true,  in  the  last 
proposition  he  shows  how  a  telescope  may  be  made  appa- 
rently with  a  convex  eye-glass  i  but  this  is  only  a  frivolous 
fancy ;  for  the  eye-glass  is  directed  to  be  made  convex  ex- 
ternally, and  a  very  deep  concave  on  the  inside ;  so  that  it 
is,  in  fact,  a  meniscus  with  the  concavity  prevalent.  In  the 
86th  proposition,  he  indeed  shows  that  it  is  possible  so  to 
place  a  convex  glass  behind  another  convex  glass,  that  an 
eye  shall  see  objects  distinct,  magnified,  and  inverted ;  and 
he  speaks  very  sagaciously  on  the  subject  After  having 
said  that  an  eye  placed  behind  the  point  of  union  of  the 
first  glass  will  see  an  object  inverted,  he  shows  that  a  small 
part  only  will  be  seen ;  and  then  he  shews  that  a  convex 
glass,  duly  proportioned  and  properly  placed,  will  show 
more  of  it.  But  in  shewing  this,  he  speaks  in  a  way  which 
shows  evidently  that  he  bad  formed  no  distinct  notions  of 
the  manner  in  which  this  effect  would  be  produced,  only 
saying  vaguely  that  the  convergency  of  the  second  glass 
would  counteract  the  divergency  beyond  the  focus  of  the 
first  Had  he  conceived  the  matter  with  any  tolerable  dis- 
tinctness, after  seeing  the  great  advantage  of  taking  in  a 
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field  greater  in  almost  any  proportion^  he  would  have,  eager- 
ly catched  at  the  thought,  and  enlarged  on  the  immense 
improvement.  Had  he  but  drawn  one  figure  of  the  pro- 
gress of  the  ray*  through  two  convex  glasses,  the  whole 
would  have  been  open  to  his  view. 

This  step,  so  easy  and  so  important,  was  reserved  fin~  Fa- 
ther Scheiner,  and  the  construction  of  this  author,  together 
with  that  of  Jansen,  are  the  models  on  which  all  refracting 
telescopes  are  now  constructed;  and  in  all  that  relates  to' 
their  magnifying  power,  brightness,  and  field  of  vision, 
they  may  be  constructed  on  Kepler's  principle,  that  uV 
angles  of  refraction  are  in  a  certain  given  proportion  to  the 
angles  of  incidence. 

.  But  after  Huyghens  had  applied  his  elegant  geometry  to 
the  discovery  of  finellius,  viz.  the  proportionality,  not  of  the 
angles,  but  of  the  sines,  and  had  ascertained  the  aberrations 
from  the  foci  of  infinitely  slender  pencils,  the  reasons  were 
clearly  pointed  out  why  there  were  such  narrow  limits  af- 
fixed by  nature  to  the  performance  of,  optical  instruments, 
in  consequence  of  the  indistinctness  of  vision  which  resulted 
from  constructions  where  the  magnifying  power,  the  quan- 
tity of  light,  or  the  field  of  vision,  were  extended  beyond 
certain  moderate  bounds.  The  theory  of  aberrations,  which 
that  most  excellent  geometer  established,  has  enabled  us  to 
diminish  this  indistinctness  arising  from  any  of  these  causes; 
and  this  diminution  is  the  sole  aim  of  all  the  different  con- 
structions which  hare  been  contrived  since  the  days  of  Ga- ' 
lueoand  Schemer. 

The  description  which  is  commonly  given  of  the  various 
constructions  of  telescopes,  is  sufficient  for  instructing  the 
reader  in  the  general  principles  of  their  construction, 
and,  with  moderate  attention,  will  show  the  manner  in 
which  the  rays  of  light  proceed,  in  order  to  ensure  the 
different  circumstances  of  amplification,  brightness,  and 
extent  of  field,  anal  even  distinctness  <of  vision*  in  as,  far  as 
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this  depends  on  the  proper  intervals  between  the  glasses. 
But  it  is  insufficient  lor  giving  as  a  knowledge  of  the  im- 
provements which  are  aimed  at  in  the  different  departures 
from  the  original  constructions  of  Galileo  and  Scheiner, 
the  advantage  of  the  double  eye-glass  of  Huygbens,  and 
the  quintuple  eye-glass  of  Dotlead :  still  snore  is  it  insuf- 
£aait  fox  shewing  us  why  the  lushest  degrees  of  amplifi- 
cation and  most  extensive  field  cannot  be  obtained  by  the 
mere  proportion  of  the  focal  iK^""**  of  the  glasses,  as 
Kepler  had  taught.  In  short,  without  the  Huygbeaian 
doctrine  of  aberrations,  neither  can  the  curious  reader  learn 
the  limits  of  their  performance,  nor  the  artist  learn  why 
one  telescope  is  better  than  another,  or  in  what  manner  to 
proceed  to  make  a  telescope  differing  m  any  particular 
from  those  which  he  servilely  copies. 

Although  all  the  improvements  in  the  construction  of 
telescopes,  since  the  publication  of  Huygheoss  Dioptrics, 
hare  been  the  productions  of  this  island,  and  although  Dr 
Smith  of  Cambridge  has  given  the  most  elegant  and  per- 
spicuous account  of  this  science  that  has  yet  appeared,  we 
do  not  recollect  a  performance  in  the  English  language 
(except  the  Optics  of  Emerson)  which  will  carry  the  read- 
er beyond  the  mere  schoolboy  elements  of  the  science,  or 
enable  a  person  of  mathematical  skill  to  understand  or  im- 
prove the  construction  of  optical  instruments. 

We  think,  therefore,  that  we  shall  do  the  public  some 
1  service,  by  giving  such  an  account  of  this  higher  branch  of 
optical  science  as  will  at  least  tend  to  the  complete  under- 
standing of  this  noble  instrument,  by  which  our  concep- 
tions of  the  extent  of  almighty  power,  and  wisdom,  sad 
'beneficence,  are  so  wonderfully  enlarged.  In  the  proee- 
eution  of  this,  we  hope  that  many  general  rules  will  emerge, 
by  which  artists,  who  are  not -mathematicians,  may  be  en- 
abled to  construct  optical  instruments  with  intelligence, 
Bnd  avoid  the  many  blunders  and  denscts  which  result 
from  mere  servile  un 
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The  general  tin  in  the  construction  of  a  telescope,  is  to 
form,  by  means  of  micron  or  lenses,  an  image  of  the  dis- 
tant object,  as  large,  u  height,  and  as  extensile  as  is  pos- 
sible, consistently  with  distinctness ;  sod  then  to  view  the 
image  with  a  magnifying  glass  in  any  convenient  manner. 
This  gives  us  an  arrangement  of  our  subject.  We  shall 
first  ahmr  the  principles  of  construction  of  the  object-glass 
or  rnirrer,  so  as  that  it  shall  form  an  image  of  the  distant 
object  with  these  qualities;  and  then  show  how  to  con- 
struct the  magnifying  glass  or  «ye-pieoe,  so  as  to  preserve 
them  unimpaired. 

This  indistinctness,  which  we  wish  to  avoid,  arises  front 
two  causes ;  the  spherical  figures  of  the  refracting  and  re- 
flecting surfaces,  and  the  different  refrangibility  of  the  dif- 
ferently coloured  ra.ys.of  light  The  first  may  be  called  . 
the  sphemcai,,  and  the  second  the  chsomatic  indistinct- 
ness ;  and  the  deviations  from  die  foci,  determined  by  the 
elementary  theorem,  may  be  called  the  spherical  and  the 
chromatic  aberrations. 

The  limits  of  a  work  like  this  will  not  permit  us  to  give 
any  more  of  the  doctrine  of  aberrations  than  is  absolutely 
necessary  for  the  construction  of  achromatic  telescopes; 
and  we  must  refer  the  reader,  for  a  general  view  of  the 
whole,  to  Euler  s  Dioptrics,  and  other  works  of  that  kind. 
Dr  Smith  has  given  as  much  as  was  necessary  for  the  com- 
parison of  the  merits  of  different  glasses  of  similar  con- 
struction, and  this  in  a  very  plain  and  elegant  manner. 

We  shall  begin  with  the  aberration  of  colour,  because  it 
is  the  most  simple. 

Let  white  or  compounded  light  fell  perpendicularly  on  the 
flat  side  P  Q  (Plate  VI.  Fig.  1.)  of  a  plano-convex  lens 
PVQ,  whose  axis  is  CV,  and  vertex  V.  The  white  raypP 
failing  on  the  extremity  of  the  lens  is  dispersed  by  refraction 
at  the  point  P  of  the  spherical  surface,  and  the  red  ray 
goes  to  the  point  r  of  the  axis,  and  the  violet  ray  to  the 
point  v.     In  like  manner,  the  white  ray  g  Q  is  dispersed 
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by  refraction  at  Q,  the  red  ray  going  to  r,  and  the  violet 
to  v.  ■  The  red  ray  Fr  crosses  die  violet  ray  Qv  in  a  point 
D,  and  Q  r  crosses  P  v  in  a  point  £  ;  and  the  whole  light 
refracted  and  dispersed  by  the  circumference,  whose  dia- 
meter is  P  Q,  passes  through  the  circular  area,  whose  dia- 
meter is  D  E.  Supposing  that  the  lens  is  of  such  a  form 
that  it  would  collect  red  rays,  refracted  by  its  whole  sur- 
face in  die  point  r,  and  violet  in  the  point  v ;  then  it  is 
evident,  that  the  whole  light  which  occupies  the  surface  of 
the  lens  wilt  pass  through  this  little  circle,  whose  diameter 
is  D  E.  Therefore  white  light,  issuing  from  a  point  so 
distant  that  the  rays  may  be  considered  as  parallel,  will 
not  be  collected  in  another  point  or  focus,  but'  will  be  dis- 
persed over  the  surface  of  that  little  circle,  which  is  there- 
fore called  the  circle  qf  chromatic  dispersion ;  and  the  ra- 
diant point  will  be  represented  by  this  circle.  The  neigh- 
bouring points  are,  in  like  manner,  represented  by  circles ; 
and  these  circles,  encroaching  on  and  mixing  with  each 
other,  must  occasion  haziness  or  confusion,  and  render  the 
picture  indistinct.  This  indistinctness  will  be  greater  in 
the  proportion  of  the  number  of  circles  which  are  in  this 
manner  mixed  together.  This  will  be  in  the  proportion 
-  of  the  room  that  is  for  diem ;  that  is,  in  proportion  to  the 
area  of  the  circle,  or  in  the  duplicate  proportion  of  its  dia- 
meter. Our  first  business,  therefore,  is  to  obtain  measures 
of  this  diameter,  and  to  mark  the  connexion  between  it 
and  the  aperture  and  focal  distance  of  the  lens. 

Let  i  be  to  r  as  the  sine  of  incidence  id  glass  to  the  sine 
of  refraction  of  the  red  rays ;  and  let  i  be  to  v  as  the  sine 
of  incidence  to  the  sine  of  refraction  of  die  violet  rays 
Then  we  say,  that  when  the  aperture  P  Q  ■  is  moderate, 
»  —  r;v  +  r  —  8t  =  DE:  PQ,  very  nearly.  For  let 
D  E,  which  is  evidently  perpendicular' to  Vr,  meet  the  pa- 
rallel incident  rays  in  E  and  L,  and  the  radii  of  the  sphe- 
rical surface  in  G  and  H.  It  is  plain  that  GP  K  is  equal 
to  the  angle  of  incidence  on  the  posterior  or  spherical  sut- 
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face  of  the  lens;  and  GPr  and'  GPv  are  the  angles  of 
refraction  of  the  red  and  the  violet  rays ;  and  that  6  K, 
G  D,  and  GE,  are  very  nearly  as  the  sines  of  those  angles, 
because  the  angles  are  supposed  to  be  small.  We  may 
therefore  institute  this  proportion  DE  :KD  =  o  —  r  : 
r — »,-  then,  by  doubling  the  consequents  DE:2KD 
=  »_!■:  8r— Si  Also,  DE  :  3KD  +  DE  =  V— r 
:2r  —  2i  +  v  —  r,  =  v-~r:  r  +  »— 8t.  But  8KD 
+  DE  is  equal  to  EL  or  PQ.  Therefore  we  have  T>  E 
:PQ=e—  r:  r  +  »  —  «».     Q.  E:  D. 

Cor.  1.  Sir  Isaac  Newton,  by  most  accurate  observation, 
found,  that,  in  common  glass,  the  sines  of  refraction  of  the  - 
red  and  violet  rays  were  77  and  78  where  the  sine  of  inci- 
dence was  50.  Hence  it  follows,  that  v  —  r  is  to  v  +  r — 
St  as  1  to  55 ;  and  that  the  diameter  of  the  smallest  circle 
of  dispersion  is  fcih  part  of  that  of  the  lens. 

S.  In  like  manner  may  be  determined  the  circle  of  dis- 
persion that  will  comprehend  the  rays  of  any  particular  co- 
lour or  set  of  colours.  Thus  all  the  orange  and  yellow 
will  pass  through  a  circle  whose  diameter  is  g}Dth  of  that 
of  the  lens. 

8.  In  different  surfaces,  or  plano-convex  lenses,  the  an- 
gles of  aberration  rVv  are  as  the  breadth  P  Q  directly, 
and  as  the  focal  distance  V  P  inversely ;  because  any  angle 
D  P  E  is  as  Hs  subtense  D  E  directly,  and  radius  D  P  in- 
versely. N.  B.  We  call  V  F  the  focal  distance,  because 
at  this  distance,  or  at  the  point  F,  the  light  is  most  of  all 
constipated.  If  we  examine  the  focal  distance  by  holding 
the  lens  to  the  sun,  we  judge  it  to  be  where  the  light  is 
drawn  into  the  smallest  spot. 

When  we  reflect  that  a  lens  of  SJ  inches  in  diameter 
has  a  circle  of  dispersion  ^th  of  "an  inch  in  diameter,  we 
are  surprised  that  it  produces  any  picture  of  an  object  that 
can  be  distinguished.  We  should  not  expect  greater  dis- 
tinctness from  such  a  lens  than  would  be  produced  in  a  ca- 
mera obscura  without  a  lens,  by  simply  admitting  the  light 
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through  a  bale  of  ,^tb.  °**  «*  *Hcn  *a  dumber.  This,  we 
know,  would  be  very  hazy  and  confused.  But  when  we 
remark  the  superior  vivacity  of  the  yellow  and  orange 
light  in  comparison  with  the  rest,  we  may  believe,  that  the 
effect,  produced  by  the  confusion  of  the  other  colours  wiU 
be  much  leu  sensible.  But  a  stronger  reason  is,  that  the 
light  is  much  denser  in  the  middle  of  the  circle  of  disper- 
sion, and  is  exceedingly  faint  towards  the  margin.  This, 
however,  must  not  be  taken  fox  granted ;  and  we  must 
know  distinctly  the  manner  in  which  the  light  of  different 
colours  is  distributed  over  the  circle  of  chromatic  disper- 
sion, before  we  pretend  to  pronounce  on  the  immense  dif- 
ference between  the  indistinctness  arising  from  colour,  and 
that  arising  from  the  spherical  figure.  We  think  this  the 
more  accessary,  because  the  illustrious  discoverer  of  the 
chromatic  aberration  has  made  a  great  mistake  in  the  com- 
parison, because  he  did  not  consider  the  distribution  of  the 
light  in  the  circle  of  spherical  dispersion.  It  is  therefore 
proper  to  investigate  the  chromatic  distribution  of  the  light, 
and  we  shall  then  see  that  the  superiority  of  the  reflecting 
telescope  is  incomparably  less  than  Newton  imagined  it  to 
be. 

Therefore,  let  E  B  (Fig.  2.)  represent  a  plano-convex 
Jens,  of  which  C  is  the  centre,  and  C  r  the  axis.  Let  us 
suppose  it  to  have  no  spherical  aberration,  but  to  collect 
rays  occupying  its  whole  surface  to  single  points  m  die 
axis.  Let  a  beam  of  white  or  compounded  light  fall  per- 
pendicularly on  its  plane  surface.  The  rays  will  be  so  re- 
fracted by  its  curved  surface,  that  the  extreme  red  rays 
will  be  collected  at  r,  the  extreme  violet  rays  at  w,  sod 
those  of  intermediate  refrangibihty  at  intermediate  points, 
°>  y>g>  &>  p>  v,  of  the  line  r  w,  which  is  nearly  j'gthof  rC. 
The  extreme  red  and  violet  rays  will  cross  each  other  at  A 
and  D:;  and  A  D  will  be  a  section  or  diameter  of  the  cir- 
cle of  chromatic  dispersion,  and  will  be  about  ,'sth  of  E  B. 
We  may  suppose  w  r  to  be  bisected  in  4,  because  wo  is 
1 
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Wftr  very  Dearly  as  the  ratio  etf  equality  (fiw  r  b :  r  C  = 
frA:eB,"*A:  cB,  =  b.6:»C.)  The  line  r«  will 
be  »  kind  ef  prismatic  spectrum,  red  from  r  to  o^  oraatae- 
cneered  from  otoy,  yellow  from  if  tog,  green  from .^  to 
iy  brae  from  ba>  p,  pnrnut  front  ptsr,  and  violet  from 
v  tow. 

The  light,  in  its  compound  state,  must  be  supposed  uni- 
formly dense  M  it  falls  upon  the  lees-;  sad  the  same  must 
be  and  of  the  rays  of  any  particular  colour..  Newton  sup* 
poses,  also,  that  whan  a.  white  ray,  such  as  #E,  is  dis> 
pemd  iota  its  component  coloured  rays  by  refraction  at  E, 
it  ir  uniformly  spread  over  the  angle  I>E  A.  This  suppo. 
aaaon  is  indeed  gratuitoue;  hut  we  hare  as  argument  to 
the  contrary,  and.  may  therefore  consider  it  as  just.  The 
ooneequence  is,  that  each  point  a?,  r,  p,  b,  Stc  of  the  spee- 
bruin  iiL  not  only  equally  luminous,  but  also  illuminates  uni- 
fbraaly  its  corresponding  portion  of.  A  G;  that  is  to  say, 
the  coating  (so  to  tern  it)  of  any  particular  colour,  sack 
ae  purple,  from,  the  point  p,  is  uniformly  dense  in  every 
pant  of  A  D  on  which  it  falls.  In  like  manner,  the  colour- 
ing of  yellow,  intercepted  by  apart  of  AD  in  ite  passage 
to-  the  point  y,  is  uniformly  dense  in  aU  its  parts.  But  the 
density  of  the  different  colours  in  AD  is  extremely  diner- 
eat  ;  far  since  the  radiation  in  a?  is  equally  dense  with  that 
in  pr  the  density  of  Ae  violet  colouring,  which  radiates 
front  ip,  and  is  spread  over  the  whole  of  AD,  must  be 
much  less  than  the  density  of  the  purple  colouring,  which; 
radiates  from  p,  and  otroupks  only  a.  part  of  AD  round  the 
dame  b.  These  densities  must  be  very  nearly  in  the  in- 
vwns  praportinai  of  w  &*  two  6*. 

Hence'  we  see,  that  the  centaal  point  b  will  be  very  in. 
tensely  itinmiuated  by  the  bhie  radiating  from  p  b  and  the 
geten  intercepted  from- £ ^  It  will  bene***  feunth/j iflami- 
nwten  by  the  purple  ladiating  fnann  vpy  and.  the  yellow  m- 
tereepted  bom  gy;  and still  more  finally,  by  the  woletfroaa 
arc,  and  the  orange  and  red inteoref tod:  from yr,     The 
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whole  colouring  mil  be  a  white,  tending  a  little  to  yellow- 
ness. The  accurate  proportion  of  these  colourings  may  be 
.  computed  from  our  knowledge  of  the  position  of  the  points 
°>  V->  eT>  ^cc-  3ut  this  is  of  little  moment.  It  is  of  more 
consequence  to  be  able  to  determine  the  proportion  of  the 
total  intensity  of  the  light  in  b  to  its  intensity  in  any  other 
point  I. 

For  this  purpose  draw  r  I R,  I  a  W,  meeting  the  lens  in 
II  and  W.  The  point  I  receives  none  of  the  light  which 
passes  through  the  space  R  W  :  for  it  is  evident  that  o  1 1 
CR  =  JA:CE,=  1  :  55,  and  that  CR  =  CW;  and  there- 
fore, since  all  the  light  incident  on  EB  passes  through  A  B, 
all  the  light  incident  on  R  W  passes  through  I  *  (6*  being 
made  =  il).  Draw  o  I  O,  ,yl  Y,g\G,  \p  P,  1  v  V.  It 
is  plain  that  I  receives  red  light  from  R  0,  orange  from 
O  Y,  yellow  from  Y  G,  green  from  GE,  a  little  blue  from 
B  P,  purple  from  P  V,  and  violet  from  V  W.  It  therefore 
wants  some  of  the  green  and  of  the  blue. 

That  we  may  judge  of  the  intensity  of  these  colours  at  I, 
suppose  the  lens  covered  with  paper  pierced  with  a  small 
hole  at  G.  The  green  light  only  will  pass  through  I ;  the 
other-  colours  will  pass  between  I  and  o,  or  between  I  and 
A,  according  as  they  are  more  or  less  refrangible  than  the 
particular  green  at  I.  This  particular  colour  converges  to 
g,  and  therefore  will  illuminate  a  small  spot  round  I,  where 
it  will  be  as  much  denser  than  it  is  at  G  as  this  spot  is 
smaller  than  the  hole  at  G.  The  natural  density  at  G, 
therefore,  will  be  to  the  increased  density  at  I,  asg-F  to 
gG*,  or  ttzgb1  to  gCy  or  as  b  I1  to  CG*.  In'  like  man- 
ner, the  natural  density  of  the  purple  coming  to  I  through 
an,  equal  hole  at  P  will  be  to  the  .increased  density  at  1  as 
•il*  tio/C  P1.  And.  thus  it.  appears,  that'  the  intensity  of 
thevHsTerBntly  coloured  illuminations  of  any  point  of  the 
circle  of,  dispersion,  is.  inversely  proportional  to  the  square 
of  the1  distance  from  the  centre  of  the  lens  to  the  point  of 
its'  surface  through  which  the  colouring  tight  come*  to  this 
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punt  of  the  circle  of  dispersion.  This  circumstance  will 
give  us  a  very  easy,  and,  we  think,  an  elegant  solution  of 
the  question. 

Bisect  C  E  in  F,  and  draw  F  L  perpendicular  to  C  E, 
making  it  equal  to  C  F.  Through  the  point  L  describe  the 
hyperbola  K  L  N  of  the  second  order,  that  is,  having  the 
ordinates  ££,  FL,  RN,  &c  inversely  proportional  to  the 
squares  of  the  abscissae  C  E,  C  F,  C  R,  &c. ;  so  that  F  L :  RN 

=  __. .  __,  or  =  C  H* :  C  F*,  &c.     It  is  evident  that 

these  ordinates  are  proportional  to  the  densities  of  the  seve- 
rally coloured  lights  which  go  from  them  to  any  points 
whatever  of  the  circle  of  dispersion. 

Now  the  total  density  of  the  light  at  I  depends  both  on 
the  density  of  each  particular  colour  and  on  the  number  of 
colours  which  fall  on  it.  The  ordinates  of  this  hyperbola 
determine  the  first ;  and  the.  space  E  R  measures  the  num- 
ber of  colours  which  fall  on  I,  because  it  receives  light  from 
the  whole  of  E  R,  and  of  its  equal  B  W.  Therefore,  if 
ordinates  he  drawn  from  any  point  of  E  R,  their  sum  will 
be  as  the  whole  light  which  goes  to  I ;  that  is,  the  total 
density  of  the  light  at  I  will  be  proportional  to  the  area 
N  R  E  K.  Now  it  is  known  that  CBxEKi*  equal  to 
the  infinitely  extended  area  lying  beyond  E  K ;  and  C  R  X 
R  N  is  equal  to  the  infinitely  extended  area  lying  beyond 
RN.  Therefore  the  area  N  RE  K  is  equal  to  CR  X  RN 
— C  ExEK.  But  RN  and  EK  are  respectively  equal  to . 
CF*  CF3 

r"H*  ""^  r^W*    Tnere'ore  ^e  density'  at  I  is  proportion- 

=  CpIxCE-CB  _     p  •_?»       „■££'„■■ 
CE*CB  ~  ■  CExCR'       CB 

§§.   Butb«.»Bcri.iofCE,||.i.  =  ^,=; 
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-'      ,  a  constant  quantity.     Therefore  the  density  of  the 

-  ^,  or  to    — ,  because   the 

punt*  R  and  I  an  sinukriy  situated  in  E  C  and  A  b. 
Farther,  if  the  wmMptrture  C  E  cf  the  km  he  cafeed  lr 


Here  it  is  proper  to  observe,  that  since  the  point  K  has 
the  same  situation  in  the  diameter  E  B  that  the  point  I  has 
is  the  diameter  A  D  of  the  circle  of  dispeouen,  the  liiili 
described  on  E  B  may  be  conceived  as  the  magnified  repre- 
sentation of  the  circle  of  dispersion.  The  point  F,  tor  in- 
stance, represents  the  point  f  in  the  circle  of  dttperaian, 
which  bassets  the  radnss  &A;  and/  recerMa  bo  light  from 
any-  pan  of  the  lens  which  hi  nearer  the  centre  than  F, 
being  istaaninansd  maty  by  the  light  which  comes  thasugh. 
E-  P  and  to  opposite  BF.  The  same  may  be  said  o£  every 
other  point. 

In  aha  answer,  the  density  of  the  light  ia/,  the  middle 

between,  A  and  A,  is  measured  by  ^v,,  which  is  —  =y^}  or 

I-  This  mahes  the  density:  at  this  point  a  proper  standard 
of  comparison.     The  density  there  is  to  the  denary  at  I  as 

AI 

I  to  — ,  or  as  5  I  to  A  I  ;  and  this  is  the  simplest  mode  of 

conTparisoD.  The  density  haul  way  from  the  centre  of  the 
circle  of  dispersion  is  to  the  density  at  any  point.  I  as  b  I  to 
IA* 

Lastly,  through  L.  describe  the  eommoo  rectangular  hy- 
perbola k  L  »,  meeting  the  ordinate*  of  die  former  ink,  L, 
and  n>;  and  draw  *  h  parallel  to  E  C,  cutting:  the  ordinate* 
in g,J',  *,  &«■  Then  C  B  :  C  E  =  Ei  :  En,  and  CB  : 
CB-CBsE/t:  Ba^Et,«CH;  RE  =  Efc:rn» 
and  b  t:IA  =  E*:r».  And  thus  we  have  a  very  simple 
expression  of  the  density  in  any  point  of  the  circle  of  dis- 
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person.  Let  the  point  be  any  where,  as  at  I.  Divide  the 
lens  at  Ras  AD  in  divided  in  I,  and  then  r  n  is  as  the  den- 
sity in  I. 

These  two  measures  were  given  by  Newton ;  the  first  in 
his  Treatise  de  Mimdi  SyiUmate,  and  the  last  in  his  Optici; 
but  both  without  demonstration. 

If  the  hyperbola  k  L  »  be  nude  to  revolve  round  the 
axis  CQ,  it  will  generate  a  solid  spindle,  which  will  measure 
the  whole  quantity  of  fight  which  passes  through  different 
puetkms  of  the  circle  of  dispersion.  Thus  the  solid  pro- 
duced by  the  revolution  of  L  kf  wi|l  measure  all  the  light 
which  occupies  the  outer  part  of  the  circle  of  dispersion  ly- 
ing without  the  middle  of  the  radius.  This  space  lb  jths 
of  the  whole  circle ;  but  the  quantity  of  light  is  but  £th  of 
the  whole. 

A  still  more  simple  expression  of  the  whole  quantity  of 
light  passing  through  different  portions  of  the  circle  of  chro- 
matic dispersion  may  now  be  obtained  as  follows : 

It  has  been  demonstrated,  that  the  density  of  the  light  at 

I  b  as  TTf-*  or  as  ~-  .      Suppose   the  figure   to   turn 

round  the  axis.  I  or  B  describe  circumferences  of  circles ; 
and  the  whole  light  passing  through  this  circumference  is 
:  as  the  circumference  or  as  the  radius,  and  as  the  density 

jointly.     It  is  therefore  as  x  C  R,  that  is,  as  E  R. 

Draw  any  straight  Ime  E  m,  cutting  R  N  in  s,  and  any 
other  ordinate  FLinjR).  The  whole  light  which  illu- 
minates the  circumference  described  by  I  is  to  the  whole 
light  which  illuminates  the  centre  6  as  E  R  to  E  C,  or  as 
R*  to  C  m.  In  like  manner,  the  whole  light  which  illu- 
minates the  circumference  described  by  the  pointy  in  the 
circle  of  dispersion  is  to  the  whole  light  which  illuminates 
the  centre  b,  as  F  x  to  C  m.  The  lines  C  m,  R  S,  F  x,  are 
therefore  proportional  to  the  whole  light  which  illuminates 
the  corresponding- circumferences  in  the  circle  of  dispersion. 
Vol.  III.  8  D 
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Therefore  the  jrfapfe  titfhi  -whieh  Ub,<m  the -circle  ■whose 
■mBm  v  :U,  iwflt berepreaeiitalhy^b&tMpeHwnii  CMS ; 
sod  the  whole  light  which  falls  on  the  ring  described  by 
il.A,  will  be  represented  >bj  the  triangle  E  *«;  «ad«o  of 
*agr  other  portions. 

By  considering  the  figure,  >we  see  rtha£*l>e  distribution 
of  the  lights.  ««»«liagiyiUBequaL  Bound  the  .margin  it 
■hMDopenflibiddeattty:;  while  its.dennity  in.  die  wy  centre 
ri^incenipambly  greater  than  many, other  .point, iori»g«- 
pressediby  the  «ymptote(of  aihyperbola.     Also  the. ek-ole 

described  with  the  radius  '— 

,lhjht-  ;Np  weoder  then  that  the  cerfuskmicatued  by  the 
wixtiweiofi  these  ckciefl.otdifipersianiiakas  than/  one -should 
expect ;  besides,  it  is  evident  that  the  most  lively  orimpree- 
sive  colours  ooeupy  ithe  Buddie  of  the  lepeearmn,  >and  arc 
,there  mueh. denser  than'the  nut  'fl?he  j—rgm  ii»wowsjsed 
with  an  illumination  of  deep  red  and  violet,  neither  of  which 
.colours  are.brilliaat.  ITheimargin  will  [be.of  aidant  claret 
colour.  The  centre  revives  all  thetcolours,  butin  a  pro- 
portion of  intensity  greatly  different  from  that  in  the  com- 
mon prismatic  spectrum,  .because  the  radiant  points  iL, 
<P>  Kfft  &c.-by  which  it  is  illuminated,,  nreai  «u«h.d 
diswooasfromit.  It  will  ;be  white ;  but,wo  a 
a  pure  white,  being  greatly  overcharged  with  the  middle 
colours. 

These  consideration*  show  that  the  coloured  fringes, 
which  are  observed  to  border  veay  lumiaouRobjetcsMen  on 
a  dark  ground  through  optical  instruments,  donot  proceed 
.from  the  object-glass,  of  n ,  telescope  or  microscope,  but  ifrom 
,an  improper  construction  of- the  eye-glasses.  The  chroma- 
tic difpexMon  would  produce  fringes  .of  *  different  colour, 
when, they  produce  any  at  all,  and  the  colours  would  ; be 
differently  disposed.  But  this  dispersion  by  the  object-glass 
■  cap  hawlly  produce  any. fringes:  its.effest  is  a  general  and 
Iahaost  lanfotmiouxtupe  of  rinks  all  over  thefield,  wfakb 
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|fl»4u««,a^  iwfi^,haKi»eat1.as,,if,  tbeohject  were  viewed 
a^  an,  knpypper  djstanpe,  or-  profits  fqejuy  as.  we,  vulgar 

We  may  at  present  form  a  good  guess  at  the  limit  which 
t^MlMfla^fctp.thep^ooowceof ateJescope.  Apoint 
rf  *wy  #**at>t  object  isnepie*«ated,  in  the  picture  formed, 
by;  the  objqet-giasB,,,  by  a  little  cirple,  whose  diameter  is  at 
(B«t  !&&<£  the  aperture  of  the  object-glass,  making  a, 
WTj  full  fdJowwce  £91  the  superior  brilhancy,  and  density 
of  the  wsfenj  light.  We  look  at  this  picture  with,  a  roast, 
nifjiag  ey^gl^ss.  'Mis  magnifies  the  picture  of  die  point 
if  if  amplify  if  tp.Buqb  a  decree  as  tp  make  it  an  object  in-. 
«b'fuhMlljF.  distiaguiahab^)  the.  confusion  ia  then  sensible- 
Now  Uas  can  be  computed,  An  object  subtending  one 
minute  of  a  degree  is  distinguished  by  the  dullest  eye,  even 
although  it  be  a  desk  object  on  a  bright  ground.  Let  us 
tj»er#fpr«  suppose  a.  telescope,  the  object-glass  of  which  is 
of  six  feet  focal  djatanoe,  and  one  inch  aperture.  Ttie  dia- 
meter  of  the  ci«Ie  of  <;hroiaa$ic  disperaion.  will  be  Booth,  of 
an  inch,  which,  subtends  at  the  centre  of  the  object-glass,  at) 
aogle  of  about  9i  seoonds.  This,  when  magnified  six  tiroes 
by  an  eye-glass,  would  become  a  distinguishable  object ; 
and  a  telescope  of  this  length  would  be  indistinct  if  it  mag- 
nified more  than  six  tunes,  if  a  point  were  thus  spread  out 
into  a  spot  of  uniform  intensity.  But  the  spot  is  much  less 
intense  about  ha  aaargja,  It  is  found  experimentally  that 
%  piece  of  engraving,  having  fine  cross  hatches,  is  not;  sent 
sihly  indistinct  till  brought  so  far  from  the  limits  of  per- 
fectly distinct  vision,  that  this  indistinctness  amounts  to 
6'  or  6'  in  breadth.— Therefore  such  a  telescope  will  be. 
aen«b}y  distinct  when  it  magnifies  St},  times ;  and  this  is 
very  agreeable  to  experience. 

We  come,  in  the  second  place,  to  the.  more  ardupuVtask 
oft  ascertaining  the  error  arising  from. the  spherical  figure  of 
the.snr|scea  eroptoyedin  optica)  instauupats.— Suffice  it  to, 
sty,  before  we  begin,  that  although  geometers  have  exlii- 
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bited  other  forms  of  lenses  which  are  totally  exempt  from 
this  error,  they  cannot  be  executed  by  the  artist ;  and  we 
are  therefore  restricted  to  the  employment  of  spherical  sur- 
faces. 

Of  a!)  the  determinations  which  have  been  given  of  sphe- 
rical aberration,  that  by  Dr  Smith,  in  his  Optics,  which  is 
an  improvement  of  the  fundamental  theorem  of  that  most 
elegant  geometer  Huyghens,  is  the  most  perspicuous  and 
palpable.  Some  others  are  more  concise,  and  much  better 
fitted  for  after  use,  and  will  therefore  be  employed  by  us 
in  the  prosecution  of  this  article.  But  they  do  not  keep  in 
view  the  optical  facts,  giving  the  mind  a  picture  of  the  pro- 
gress of  the  rays,  which  it  can  contemplate  and  discover 
amidst  many  modifying  circumstances.  By  ingenious  sub- 
stitutions of  analytical  symbols,  the  investigation  is  render- 
ed expeditious,  concise,  and  certain ;  but  these  are  not  im- 
mediate symbols  of  things,  but  of  operations  of  the  mind; 
objects  sufficiently  subtile  of  themselves,  and  having  no  need 
of  substitutions  to  make  us  lose  sight  of  the  real  subject ; 
and  thus  our  occupation  degenerates  into  a  process  almost 
without  ideas.  We  shall  therefore  set  out  with  Dr  Smith's 
fundamental  Theorem. 


1 .  In  Reflections. 

Let  A  B  V  (Fig.  3.)  be  a  concave  spherical  mirror,  of 
which  C  is  the  centre,  V  the  vertex,  C  V  the  axis,  and  F 
the  focus  of  an  infinitely  slender  pencil  of  parallel  rays  pass- 
ing through  the  centre.  Let  the  ray  a  A,  parallel  to  the 
axis,  be  reflected  in  A  G,  crossing  the  central  ray  C  V  in^ 
Let  AF  be  the  sine  of  the  semi-aperture  AV,  A  Dits  tan- 
gent, and  CD  its  secant. 

The  aberration  F/  from  the  principal  focus  of  central 
rays  is  equal  to  J  of  the  excess  V  D  of  the  secant  above  the 
radius,  or  very  near  equal  to  {  of  V  P,  the  versed  tine  of 
the  semi-aperture. 
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For  because  AD  is  perpendicular  to  C  A,  the  points  C, 
A,  D,  are  in  ■circle,  of  which  C  D  is  the  diameter ;  and 
became  Ay  is  equal  to  C/,  by  reason  of  the  equality  of 
the  angles/A  C,  fC  A,  and  C  A  a,  /is  the  centre  of  the 
circle  through  C,  A,  D,  and/D  ia  =  i C D.  But  PC  is 
=  4CV.     Therefore  Fyia^  of  VD. 

But  because  D  V  :  VP  =  DC:  VC,  and  DC  is  very 
little  greater  than  V  C  when  the  aperture  AB  is  moderate, 
D  V  is  Tery  little  greater  than  V  P,  and  F_/"b  very  nearly 
equal  to}  of  V  P. 

AV* 


A  V* 

is  Tery  nearly  =  ^y. 

AV' 

Cor.9,  The  lateral  aberration  FG  18  =  ^^.      For 

FG  :  F/=  AP  :  Tft  =  AV  :  *  CV  nearly,  and 
therefore  FG  = -^^y  x cv  =  gcv*" 


2-     In  Refractions. 

Let  AVB  (Fig.  i.  or  5)  be  a  spherical  surface  sepa- 
rating two  refracting  substances,  C  the  centre,  V  the  ver- 
tex, A  V  the  semi-aperture,  A  P  its  sine,  P  V  its  versed 
sine,  and  F  the  focus  of  parallel  rays  infinitely  near  to  the 
tods.  .  Let  the  extreme  ray  a  A,  parallel  to  the  axis,  be  re- 
fracted into  AG,  crossing  CFin^  which  is  therefore  the 
focus  of  extreme  parallel  rays. 

The  rectangle  qf  the  me  of  incidence,  by  the  difference 
of  the  sines  qf  incidence  and  refraction,  is  to  the  square  of 
the  sine  of  refraction,  as  the  versed  sine  of  the  semi-aper- 
ture is  to  the  longitudinal  aberration  of  the  extreme  rayt. 

Call  the  sine  of  incidence  i,  the  sine  of  refraction  -r,  and 
their  difference  d. 

Join  CA,  and  about  the  centre  J'  describe  the  arch  AD. 
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The  angle  ACV  ii  eqUkl'lo  Ike  anjle  «f*"B«".  and 
'C  A/ta  the  angle  of  tefradMtt.  Th«sV**e  theaibe'of 
'Incidence  is  lo  the  see  of  refiacttoa'tt  V*1o.C«Vor»s 
■A/to  C£  that  h,  as  D/to'C/;  *e*we 

bycomemion       CP:'CV  =  C/i«B 
altera,  coovct.      CF^C/:CV^'CDisC*':CV 
or        .        .       Vf:  VD==C*:CV,ifcf!A 
Now  p  V  =  ^nf?,  =  ^  newly,  tod  P  D  = 

forePV:PD  =  FV.  CV,  andDV:PV  =  CF  ;FV 

newly. 

We  had  above         F/:VD  =  r:fl"; 

andnow         -         *Vl)  .-  P  V  =  CT  :  FV,  =  r :  i; 

therefore        -         F/:PV  =  i*:Ji; 

andF/=^XPV.     Q.JS.©. 

The  aberration  will  be  different  according  as  the  refac- 
tion is  made  towards  or  from  the  perpendicular ;  that  is, 
according  as  r  is  less  or  greater  than  i.     They  are  in  the 

r1         i* 
ratio  of  -jr  to  -J-,  or  of  r*  to  t*.      The  aberration  there- 
at      dr 

(ok  is  always  much  diminished  when  the  ra&aotioc  ferpadir 

from  a  rare  into  a  denae  medium.     The  proportion  of  the 

sines  for  air  and  ghtas  is  nearly  that  of  S  to  ft.     When  the 

light  ia  refracted  into  the  .glass,  the  aberration  it  nearly  | 

of  P  V;  and  when  the  light  pastes  out  of  glass  into  air,  it 

is  about  I  of  PV. 

r*      -AP*  f* 

Cor.  1.  Ff=  -r;  X  st^Tt  nearly,  and  it  is  also  =  -n> 
"        ai     iCV  J  a* 

AP1    .  „„        AP* 

»FV 

CV. 
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«FV:-AV  =  F/:FG  nearly, 

AV        r*: 
we  Hffve  F  G,  die  lateral  aberration,  =  F/X  ^y,  =  -^ 

AV    ___  r*        AV 
**WV*~"F  *2CVr 

FG 

f>r.  S.  BecausBtfcVaiurjeFA^is  proportioiudto  =- 

very  nearly*  we  have  the  angular  abberratioa  F  A./=r=~ 
AV         r»        AV* 

Tb  general,  the  longitudinal  aberrations  from  the  focus 
af  oeatral  parallel  ray»  are  a*  thasquares  of the  apettuier 
directly,  and  as  the  focal  distances  inversely  -,  and  the  later- 
al aberrktioiu  areas  the  cubes -of  the:  apertures  directly, 
and  the  squares  of  the  focal  distances  inversely  ;  and  the-art- 
gnkr  aberrations  areas  the  cubes  of  the  aperture  directly, 
and1  the  cubes  of  the  focal  distances  inversely.  . 

The  reader  must  have  observed, , that  to  aimphfy:  the  in- 
vestigation, some  small  errors  are  admitted.  FV  and  FD 
are  not  in  the.  exact  proportion  that  we  assumed -them,  ner 
is  Dy  equal  to  FV.  But  in  the  small  apertures  which  sul- 
ftoe.'  fur.  apnea!  instauinento,  these  errors  may-  be  disre- 
g-aed. 

Tadssphoaeal  aberration' produces1  an  ndhtinbuMsi  of ' 
wiioa,  im  the  same  manner  as-  the  chromatic  ■  aberration 
does,  nab  by  spreading  out  every  mathematical  point  of  the 
object  into  a  little  spot  in  its  picture;  which  spots,  by 
msring-  withj  each  other;,  confuse  the  whole.  We  most  now 
determine  the  j*t«* ~*<—  of  the  circle  of  diffusion,  as  we  did1 
in  the  case  of  chromatic  dispersion: 

Let  the  my  s«  (Fig-.  6  )- be  refracted  on  the  other  side 
of  the  axis,  into  .Hf,  cutting  A/Or  in  K,  and  draw  the 
perpendicular  E  H.  Call  AVo^  -V-,  V/(or  V  F,  or  Vf, 
which  in  this  comparison- may  be  taken  at  equal)  — /,  E/ 
=  J>andyT;  =  #i. 
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AV:"V  =  F/:F»  (ulreidy  ctanomtnled)  ud  F  . 

.'                                                       •'            a'b—.'b 
=  -jr4,«ndF/—  F»,(or/f)  =  l— yi,=— j 


=/E: 

EH, 

0* 
vf-.a  —  si  -y 

=  £H.     AndP*:P. 

=  EH 

El, 

,      ax    ax 

=  E  •.    Therefore  ft 

ax 
= h  »,  = 

fl  +  "iT              *" 

o+i.     Therefore  -^-x 

0+;  = 

— 1-  X  a+"  X  a—-,  tad 

*         6       , 

—  =  -r  X  a-- ,  and 

S 

X.(. 

—  *).     Therefore 

«  ib  greatest  when  •  * 

a — •  is 

greatest ;  that  is,  when  ■ 

=  ia.     Therefore  EH 

is  greatest  when  F  *  is  equal  to  the  half  of  AP.     When 


=  ift,orEH  =  iFG.    That  is, 

the  diameter  of  the  circle  of  aberration  through  which  (he 
whole  of  the  refracted  light  must  pass,  h  j  of  the  diameter 
of  the  circle  of  aberration  at  the  focus  of  parallel  central 
rays.  In  the  chromatic  aberration  it  was  -i  ;  so  that,  in 
this  respect,  the  spherical  aberration  does  not  create  so 
great  confusion  as  the  chromatic. 

We  are  now  able  to  compare  them,  since  we  have  now 
the  measure  of  both  the  circles  of  aberration. 

It  has  not  been  found  possible  to  give  more  than  four 
inches  of  aperture  to  an  object-glass  of  100  feet  local  dis- 
tance, so  as  to  preserve  sufficient  distinctness.  If  we  com- 
pute the  diameter  of  the  circle  E  H  corresponding  to  this 

aperture,  we  shall  find  it  not  much  to  exceed  iatft|(.   of 
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an  inch.     If  we  restrict  the  circle  of  chromatic  dispersion 
to  B}0  of  the  aperture,  which  is  hardly  the  fifth  part  of  the 

whole  dispersion  in  it,  it  is  sgr  of  an  inch,  and  is  about 
1900  times  greater  than  the  other. 

The  circle  of  spherical  aberration  of  a  plano-convex  lens, 
with  the  plane  side  next  the  distant  object,  is  equal  to  tbe 
circle  «f  chromatic  dispersion  when  the  semi-aperture  is 
about  15°:     For  we  saw  formerly  that  E  H  is  }  of  F  G, 

r1    AP"  r1 

and  that  F  G  is  =  -^-  8AC»  and  therefore  E G  =-tj- 

AP3 

X  8  AC**    '^"s  be^S  made  =  - 


S- 


65  r* 

an  aperture  of  30°  diameter,  ifrbetoiasStoS. 

Sir  Isaac  Newton  was  therefore  well  entitled  to  say,  that 
it  was  quite  needless  to  attempt  figures  which  should  have 
leas  aberration  than  spherical  ones,  while  the  confusion  pro- 
duced by  the  chromatic  dispersion  remained  uncorrected. 
Since  the  indistinctness  is  as  the  squares  of  the  diameters 
of  the  circles  of  aberration,  the  disproportion  is  quite  be- 
yond our  imagination,  even  when  Newton  has  made  such 
a  liberal  allowance  to  the  chromatic  dispersion.  But  it 
must  be  acknowledged,  that  he  has  not  attended  to  the  dis- 
tribution of  the  light  in  the  circle  of  spherical  aberration, 
and  has  hastily  supposed  it  to  be  like  the  distribution  of 
the  coloured  light,  indefinitely  rare  in  the  margin,  and  den- 
ser in  tbe  centre. 

We  are  indebted  to  Father  Boeoovich  for  the  elegant 
determination  of  this  distribution,  from  which  it  appears, 
that  the  light  in  the  margin  of  the  circle  of  spherical  aber- 
ration, instead  of  being  incomparably  rarer  than  in  the  spaces 
between  it  and  the  centre,  is  incomparably  denser.  The  in- 
distinctness therefore  produced  by  the  intersection  of  these 
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hHfiUMUfdrauafertoMB  is  vastly- great,  and-irtcmiseatW 
whole  ^distinctness  exceedingly..  By:  a-  groeroalculnticsv 
which  we  have  nude,  it  appears  to  be  increased  at  least  500 
times.  "The  proportional  indistihcthesS,  therefore,  instead  of 

being  1900*  to  l»is  only  -™r>  ornearly  7220  to  1^-a  nro- 

ndrrkn'stul  sufficiently  great  to  warrant  NgartnYnrafhretMe 
v£  the  reflecting telescepe  of bir  invention.  AskI  we  may 
now  observe,  that  the  reflecting  telescope  has  even  a  great 
advantage  over  a  refracting  one  of  the  same  focal  distance, 
with  respect  to  its  spherical  aberration :   For  we  have  seen 

r*    AV* 
(Gw.  S.)  that  the  lateral  aberration  is-*-  STPy*  Thirfirf 

9     AV* 
a  pkno-ooBves  glass  is  nearly  -^  jrgW    ■*«£  tbe-  dia- 

n 

meter  of  tbe  circle  of  aberration-  is  one-fourth  of  this,  or -jg 

In  like  manner,  the  lateral  aberration  of  a  con- 

AV* 

2CV 
AV5 

s  onvi  >  *°d  therefore,  if  the  surfaces  were 

portions  of  the  same  sphere,  the  diameter  of  the  circle  of 
aberration  of  refracted  rays  would  be  to  that  of  the  circle 
of  aberration  of  reflected  rays  as  A  to  J  or  as  9  to  4.  But 
when  the  refracting  and  reflecting  surfaces,  io  the  position 
here  considered,  have  the  same  focal  distanca,  the  radius 
of  the  refracting  surface  is  four  times  that  of  the  reflecting 
surface.  The  proportion  of  the  diameters  of  tbe  circles  of 
spherical  aberration  is  that  of  9  X  4*  to  4,  or  of  144  to  4, 
or  36  to  1.  The  distinctness,  therefore,  of  the  reflector  is 
36  x  36,  or  1296  times  greater  than  that  of  a  plano-con- 
vex lens  (placed  with  the  plane  side  next  the  distant  ob- 
ject) of  the  same  breadth  and  focal  distance,  and  will  there- 
fore admit  of  a  much  greater  magnifying  power.     This 
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f,  and  tbe  diameter  of  the  circle' of 
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Wmpiiwon  is  indeed  made  in  faircraastaisjestBrf*  favour- 
able to  the  reflector,  because  this  ia  the  very  wont  position 
ttf'a  plinojcouvex  less.  Bat  we  have  not  as  yet  learned 
At  sAeWwoon  ft*  any  wther  poritioB.  Im  another  position, 
the  refraction  and  consequent  aberration  of  both  sarfaocs 


Before  *e  proeflsd  to  the  txnuknakM  of  this  very  diffi- 
cult subject,  we may  stance,  from  what  has  been  already 
ImtmamuA)  sersiwlgeaaral  rates  aad  msddms  in  the  coa- 
ttrMOoa  of  telescopes,  which  wiH  explain  (so  such  renders 
as  do  not  wish  to  enter  am  deeply  into  the  subject)  and 
frawtfy  the  pnsportson  which  long  practice  of  the  best  art- 
ists hat  sanctioned. 

Indistinctness  proceeds  from  the  commixture  of  the  cir- 
cles of  aberration  on  the  retina  of  the  eye:  For  amy  one 
aaawMff  powjt  of  da  retina,  being  the  centre  of  a  circle  of 
almvatsmt  will  at  ones  be  affected  by  the  admixture  of  the 
rajs  of  as  many  afferent  pemsUi  of  light  as  there  are  sea- 
atOe  points  in  the  acta  of  that  circle,  and  will  convey  to 
the  mind  a  mixed  sensation  of  as  many  visible  points  of  the 
object  This  number  will  be  as  the  area  of  the  circle  of 
aberrations,  Whatevw  be  the  site  of  a  sensible  point  of  the 
retina.  Now,  ia  vision  with  telescopes,  the  diameter  of 
the  circle  of  aberration  on  the  retina  is  as  the  apparent 
magnitude  of  the  diameter  of  the  corresponding  circle  in 
the  feces  of  the  eye-glass;  that  is,  as  the  angle  subtended 
by  this  dkmeter  at  the  ceitre  of  the  eye-glass ;  that  in,  as 
tiie  diameter  itself  directly,  and  as  the  focal  distance  of  the 
eye-s^ass  inversely.  Aad  the  area  of  that  circle  on  the  re- 
taaais  as  the  area  of  the  circle  in  the  focus  of  the  eye-glass 
directry,  and  as  the  square  of  the  focal  distance  of  the  eye- 
glass inversely.     And  this  is  the  measure  of  the  apparent 


Cor.  In  all  sorts  of  telescopes,  and  also  in  compound 
microscopes,  aa  object  ia  seen  equally  distinct  when  the  fo- 
cal distance  of  the  eye-glasses  are  proportional  to  the  dia- 
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meters  of  the  circles  of  aberration  in  the  focus  0/  the  ob- 
ject-glass. 

Here  we  do  not  consider  the  trifling  ■Iteration  which 
weU-constructed.  eye-glasses  may  add  to  the  indistinctness 
of  the  first  image. 

In  refracting  telescopes,  the  apparent  rodistinctneaa  is  as 
the  area  of  the  object-glats  directly,  and  as  the  square  of 
the  focal  distance  of  the  eye-glass  inversely.  For  it  has 
been  shown,  that  the  area  of  the  circle  of  dispersion  is  as 
the  area  of  the  object-glass,  and  that  the  spherical  aberra- 
tion is  insignificant  when  compared  with  this. 

Therefore,  to  make  reflecting  telescopes  equally  distinct, 
the  diameter  of  the  object-glass  must  be  proportional  to  the 
focal  distance  of  the  eye-glass. 

But  in  reflecting  telescopes,  the  indistinctness  is  as  the 
sixth  power  of  the  aperture  of  the  object-glass  directly,  and 
as  the  fourth  power  of  the  focal  distance  of  the  object-glass 
and  square  of  the  focal  distance  of  the  eye-glass  inversely. 
This  is  evident  from  the  dimensions  of  the  circle  of  aber- 
ration, which  was  found  proportional  to  -,,  ■,$-. 

Therefore,  to  have  them  equally  distinct,  the  cubes  of 
the  apertures  must  be  proportional  to  the  squares  of  the 
focal  distance  multiplied  by  the  focal  distance  of  the  eye- 
glass. 

By  these  rules,  and  a  standard  telescope  of  approved 
goodness,  an  artist  can  always  proportion  the  parts  of  any 
instrument  he  wishes  to  construct.  Mr  IJuyghena  made 
one,  of  which  the  objeet-glasa  had  30  feet  focal  distance 
and  three  inches  diameter.  The  eye-glass  had  3£  inches 
focal  distance.  And  its  performance  was  found  superior 
to  any  which  he  had  seen ;  nor  did  this  appear  owing  to 
any  chance  goodness  of  the  object-glass,  because  he  found 
others  equally  good  which  were  constructed  on  similar  pro- 
portions.    This  has  therefore  been  adopted  as  a  standard. 

It  does  not  at  first  appear  how  there  can  be  any  diffi- 


Googlc 


TEUtBCOPK.  W 

culty  in  this  nutter,  because  we  can  always  diminish  the 
aperture  of  the  object-glass  or  speculum  till  the  circle  of 
aberration  is  as  Wall  as  we  please.  But  by  ttimininliwig- 
this  aperture,  we  diminish  the  light  in  the  duplicate  ratio 
of  the  aperture.  Whatever  be  the  aperture,  the  bright- 
ness is  diminished  by  the  magnifying  power,  which  spreads 
the  light  over  a  greater  surface  in  the  bottom  of  the  eye. 
The  apparent  brightness  must  be  as  the  square  of  the  aper- 
ture of  the  telescope  directly,  and  the  square  of  the  ampli- 
fication of  the  diameter  of  an  object  inversely.  Objects, 
therefore,  will  be  seen  equally  bright,  if  the  apertures  of 
the  telescopes  be  as  the  focal  distances  of  the  object-glasses 
directly,  and  the  focal  distance  of  the  single  eye-glass  (or 
eye-glass  equivalent  to  the  eye-piece)  inversely.  There- 
fore, to  have  telescopes  equally  distinct  and  equally  bright, 
we  must  combine  these  proportions  with  the  former.  It 
is  needless  to  go  farther  into  this  subject,  because  the  con- 
struction of  refracting  telescopes  has  been  so  materially 
changed  by  the  correction  of  the  chromatic  aberration,  that 
there-  can  hardly  be  given  any  proportion  between  the  ob- 
ject-glass and  eye-glasses.  Every  thing  now  depends  on 
the  degree  in  which  we  can  correct  the  aberrations  of  the 
object-glass.  We  have  been  able  so  far  to  diminish  the  ' 
chromatic  aberration,  that  we  can  give  very  great  apertures 
without  its  becoming  sensible.  But  this  is  attended  with 
so  great  an  increase  of  the  aberration  of  figure,  that  this 
last  becomes  a  sensible  quality.  A  lens  which  has  30°  for 
its  semi-aperture,  has  a  circle  of  aberration  equal  to  its 
chromatic  aberration.  Fortunately  we  can  derive  from  the 
very  method  of  contrary  refractions,  which  we  employ  for 
removing  the  chromatic  aberration,  a  correction  of  the 
other.  We  are  indebted  for  this  contrivance,  also,  to  the 
illustrious  Newton. 

1    We  call  this  Newton's  contrivance,  because  he  was  the 
first  who  proposed  a  construction  of  an  object-glass,  in 
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wruok  the  aberration  waa  corrected  by  tr«  oantssny  *b*«r»*  . 
ticiM  af  ghui  sod  water. 

Huygheas  had  indeed  supposed,  that  oiw  all-wise  Gvmb 
tor  had  employed  in  the  eye*  of  animals  many  refractions 
in  place  of  one,  in  order  to  make  the  vision-more  distort ) 
and  the  invidious  detractors,  from  Newton's  fine  ham 
catohed  at  this  vague  conjecture  aa  an  indioataott  of  hia 
knowledge  of  the  possibility  of  destroying  the  aheiraaonof 
figure  by  contrary  refractions.  But  this  ia  very  ui-fbiuuL 
ed.  Huygbena  has  acquired  sufficient  reputation  by  hit 
theory  of  aberrations.  The  Mope  of  hia  writing  ia  the 
passage  alluded  to,  ia  to  show,  that  by  dividing  any  in* 
tended  refraction  into  parts,  and  producing  a  certain  con? 
vergence  to  or  divergence  from  the  axis  of  an  optica]  in* 
atrument  by  means  of  two  or  three  lenses  -instead  of  one, 
we  diminish  the  aberrations  four  or  awe  times.  This  ptmr 
jecture  about  the  eye  was  therefore  in  the  natural  train,  of 
his  thoughts.  But  he  did  not  think  of  daenrayiBg  the  aber- 
ration altogether  by  opposite  refractions.  Newton,  in 
1669,  says,  that  opticians  need  not  trouble  themselves 
about  giving  figures  to  their  glasses  other  than  snbericaj, 
If  this  figure  were  all  the  obstacle  to  the  improvement  of 
telescopes,  he  could  shew  them  a  construction  of  an  object, 
glass,  having  spherical  surfaces,  where  the  aberration,  is 
destroyed ;  and  accordingly  gives  the  construction  of  one 
composed  of  glass  and  water,  in  which  this  is  done  coafe 
pletely  by  means  of  contrary  refractions. 

The  general  principle  is  this :  When  the  radiant  point 
R,  (Kg.  7.)  of'  focus  of  incident  mys,  and  its  epnju? 
gate  focus  F  of  refracted  central  rays,  are  on  opposite  sides 
of  the  refracting  surface  or  less  V,  the  conjugate  focus/ 
of  marginal  rays  is  nearer  to  B  than  F  ia.  But  when  tike 
focus  of  incident  rays  R'liesonlhe  samp  side  with  its  conv 
jugate  focus  W  for  central  rays,  R'/*  is  greater  tfian 
R'r". 

Now  Fig.  8.  represents  the  contrivance  for  destroy- 
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ing  the  wioorfffciid^t  g,  <tfae  pnwripal  AfOB'df  >tfae 
-convex  lens  <Y,  of  crown  glass,  by  means  of  ithf:  .contrary 
refraction  of  thecouca*e  lens  o«f  flint  glass.  Xheiraui- 
(lent  parallel  says  ttcuMde  to  -wmvergetoF  by<tne  'first 
lens.  TOBVeonvergeme  is  dwunished,  but  not  entirely  de- 
stroyed, by  thecc^Ka-veleiw  tv  and  the  focus  Kfatwriia 
*■.  F  and  F  IbareroK  are  conjugate  foci  of  the  conawr 
ilflos.  tfJF^bctbe&aiwof  VffbrtMitnJ  rays,  the'inargi- 
ndl  mys'wiUte-ceUacted  at  -some  poiirt^nearer  to  'the  lens, 
tf  F  he  now  considered  as  the  focus  of  light  incident  «n 
the  centre  of  u,  and  F  be  the  conjugate  focus,  the  raargi- 
.nal  .rayo  4?  mnild^be  refracted  to  some  point ,/'  lying  be- 
yoad  F.  Therefore  'die  marginal  «y  ff  may  be  refract- 
ed to  ¥',  tf  (be  aberration  of  tlie  concave  !be  properly  ad- 
justed to>tbat  of  the  convex. 

This  brings  us  to  the  most  difficult  part  of  our  subject, 
tbeioomrtounded ^aberrations .of  different  surfaces.  Our  li- 
mits will  not  give  us  room  for  treating  this  in  the  same  ele- 
mentary and  perspicuous  manner  that  ire  employed  for  a 
single  surface.  We  -must  try  to  do  it  m  a  compendious 
way,  which -will  admit  at  once -the  different  surfaces  and 
.the  different  refractive  powers  of  different  a  substances. 
This  must  naturally  render  the  process  more  complicated ; 
-but  >we. fame, to  treat  the  .subject  in  a  way  easily  compre- 
hended by  any  person  moderately  acquainted  with  common 
algebra ;  and  we  trust  that  our  attempt  will  be  favourably 
received  by  an  indulgent  public,  as  it  is  (as  fax  as  we  know) 
the  only  dissertation  in  our  language  on  the  construction 
of  achromatic  instruments.  We  cannot  but  express  our 
surprise  at  this  indifference  about  an  invention  which  has 
done  so  much  honour  to  our  country,  and  which  now  con- 
stitutes a  very  lucrative  branch  of  its  manufacture.  Our 
artists  infinitely  surpass  all  the  performances  of  foreigners 
in  this  branch,  and  supply  the  markets  ofEurope  without 
,aay  competition ;  yet  it  is  from  the  writings  on  the  CentU 
wot  that  they  derive  tfeek  scientific  .instruction,  and  parti- 
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cularly  from  the  dissertations  of  Churaut,  who  has  wonder- 
fully simplified  the  analysis  of  optical  propositions.  We 
shall  freely  borrow  from  him,  and  from  the  writings  of 
AbN?  Boscovich,  who  has  considerably  unproved  the  first 
views  of  Clairaut.  We  recommend  the  originals  to  the 
curious  reader.  Clairauts  dissertations  are  to  be  found  in 
the  Memoirs  of  the  Academy  of  Paris,  1756,  be ;  those 
of  Boscovich  in  the  Memoirs  of.  the  Academy  of  Bologna, 
and  in  his  five  volumes  of  Optacula,  published  at  Bassano 
in  1785.     To  these  may  be  added  D'Alembert  and  Euler. 

Lemma  I.  In  the  right-angled  triangle  MX S,  (Fig.  6.) 
of  which  one  side  M  X  is  very  small  in  comparison  of 
either  of  the  others ;  the  excess  of  the  hypotbemae.  M  S, 

above  the  side  X  S,  is  very  nearly  equal  to  «vr  g>  or  to 

gv-c  ■    For  if  about  the  centre  S,  with  the  radius  S  M,  we 

describe  the  semicircle  A  M  O,  we  have  A  X  x  X  O  = 
MX1.  Now  AX  =  MS  — SX,  and  XO,  is  nearly 
equal  to8MSor2XS;  on  the  other  hand,  M  S  is  near 

ly equal  to,XS+a~v«i  anc'?  m  "ke  manner,  MG  is 
nearly  equal  to     ^      +  XG,  and  MH  is  nearly  equal  to 

2XH+XR 

Prop.  I.  Let  the  ray  m  M,  incident  on  the  spherical 
surface  A  M,  converge  to  G  ;  that  is,  let  G  be  the  focus 
of  incident  rays.  It  is  required  to  find  the  focus  F  of  re- 
fracted ray  a? 

Let  m  express  the  ratio  of  the  sine  of  incidence  and  re- 
fraction ;,  that  is,  let  to  be  to  1  as  the  sine  of  incidence  to 
the  sine  of  refraction  in  the  substance  of  the  sphere. 

Then  M  G  :  GS  =  an.  M  S  H  :  sin.  8  MG, 

and  m:    1     — sin.  SMG  :  sin.  SMH; 
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therefore  m  X  MG  :  OS  =  sin.  MSH  :  sin.  SM  H. 
Now.  S,  MSH:S,SMH  =  MH:HS;  Therefore, 
finally,       m.  MG  :  GS  =  M  H  :  H  S. 

Now  let  M  S,  the  radius  of  the  refracting  surface,  be 
called  a.  Let  A  G,  the  distance  of  the  focus  of  incident 
rays  from  the  surface,  be  called  r.  And  let  A  H,  the  fo- 
cal distance  of  refracted  rays,  be  called  a-.  Lastly,  let  the 
sine  M  X  of  the  semi-aperture  be  called  e.  Observe,  too, 
that  a,  r,  x,  are  to  be  considered  as  positive  quantities, 
when  AS,  AG,  AH,  lie  from  the  surface  in  the  direction 
in  which  the  light  is  supposed  to  more.  If,  therefore,  the 
refracting  surface  be  concave,  that  is,  having  the  centre  on 
that  side  from  which  the  light  comes ;  or  if  the  incident 
rays  are  divergent,  or  the  refracted  rays  are  divergent ; 
then  a,  r,  x,  are  negative  quantities. 

ItispleiBthtttHS  —  x  —  a;  G8 ■=*  r  —  a;  also  AX 


=  —  nearly.    HX  = 

add  to  H  X  and  to  G  X  their  differences  from  M  H  and 

M  G,  which  (by  the  Lemma)  are  5-  and  =-.     We  get 

MH  = 

order  to  shorten  our  notation,  make  Jt  =  * —  -.     This 
a       r 

will  make  MG  =  r_  ~. 

Now  substitute  these  values  io  the  final  analogy  at  the 
top  of  this  column,  via.  M  H  :  H  S  =  ft.  M  G  :  G  S ;  it 
,  el  ,    e*  take* 

(or  ark),  because  fc= and  a r k  =  r  —  a.     Now 

multiply  the  extreme  and  mean  terms  of  this  analogy.     It 
is  evident  that  it  must  give  us  an  equation  which  will  give 
us  a  value  of  *  or  A  H,  jhe  quantity  sought. 
Vol.  III.  *E 
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Bat  this  equation  is  quadratic.  We  may  avoid  the  so- 
lution  by  an  approximation  which  is  sufficiently  accurate, 

by  substituting  for  x  in  the  fraction  —   (which  is  very 

small  in  all  cases  of  optical  instruments),  an  approximate 
value  very  easily  obtained,  and  very  near  the  truth.  This 
is  the  meal  distance  of  an  infinitely  slender  pencil  of  rays 
converging  to  G.     This  we  know  by  the  common  optical 

theorem  to  be , .     Let  this  be  called  f ;  if  we 

m~  1  r  =t  a 

substitute  Jc  in  place  of  -— -,  this  value  of*  becomes  = 
r  a     r 

am 
m  —  ak' 

This  gives  us,  by  the  bye,  an  easily  remembered  ex- 
pression (and  beautifully  simple)  of  the  refracted  focus  of 
an  infinitely  slender  pencil,  corresponding  to  any  distance 

r  of  the  radiant  point.     For  since  f  = — r,  j  must 

,  m  —  ait:         m       ak        1      k      .„ 

be  =  ,  = ,  = .     We  may  even 

am     '       am     am?       am  J 

express  it  more  simply,  by  expanding  k,  and  it  becomes 

I=l !___  J_ 

•      a     ma      w»r" 

Now  put  this  value  of  -  in  place  of  the  -  in  the  ana- 
logy employed  above.     The  first  term  of  the  analogy  be- 
g>       e*      k  e1  kg* 

m,'-*z+ii-*2'*—tz   ■"*  "*a 

,  ke*  mice*       ,    „ 

now  becomes*—  - —  :  xa  =  sir— — ^~:ark.  Hence 

2m  2 

we  obtain  the  linear  equation  wi  r  «  —  — — —  —  mra  + 

mkae1            ,          arkt*     ,  . .  ,  _    „     , 

— 5 —  =  a  r  k  x _ ;    from  which  we  finally  de- 
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mra—  i  waitf-    y^- 
*  =  «r  — art  — 4"**1 
We  may  simplify  this  greatly  by  attending  to  the  ele- 
mentary theorem  in  fluxions,  that  the  fraction  - 


from  the  fraction  ~  by  the  quantity 

the  fluxion  of  ~.    Therefore  j~=j 

the  preceding  formula  is  nearly  in  this  situation.     It  may 

mr«     (— jmafce* —  *'     '  ) 

be  written  thus ;   , *—s »   when 

mr  —  or*  — mkr 

the  last  terms  of  the  numerator  and  denominator  are  very 
small  in  comparison  with  the  first,  and  may  be  considered 
as  the  x  and  y ,  while  mra  is  the  *,  and  mr  —  ark  is 
the  y.     Treating  it  in  this  way,  it  may  be  stated  thus : 

m  ra        (mra)  imte* — (m 
*  =  tnr—ark  +  ~ 


inenrst  term   —. r-,   or ,,ie 

r  {m—ak)  m — ok 

the  focal  distance  of  an  infinitely  slender  pencil.  There- 
fore the  aberration  is  expressed  by  the  second  term,  which 
we  must  endeavour  to  simplify. 

If  we  now  perform  the  multiplications  indicated  by  — 
(mr— or*)  X  (mito Y  it  is  plain  that  — mr 

X  mka  destroys  the  first  term  mr  a  x  mk  of  the  nume- 
rator of  our  small  fraction,  and  there  remains  of  this  nu. 
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merator(WrP  — aT*tf+^p\i«%  which  isequal 

tom*a*( r-+  — s-)i<*- 

\  m       nr  a       m     / 

The  denominator  was  r*(*»  — flit)*,  and  the  fraction 
no.  bnaro  ,-^T5(|^i-+3i'.»bid'» 
evidently  =  f  (~~^  +  sj)j-    N°w  "coBMt """ 

or  *r     «r  \a     rj      mr  a        m  r 

£*  jfc»         Jfc* 

Therefore,  instead  of  -;— ,  write  — j — — ,  *nd  we  get 

thefracbonf'I-T ; r +—  /S"=*  llT 13 

S?-+  St)  J- which "  "^  to '"  "^-^-  t) 
^„d«raaiy»_,-r^l(4'-!i')f 

Therefore  the  focal  distance  of  refracted  rays  is 
m— 1/,,       m«"\«' 

This  consists  of  t»o  parts.  The  Srst »  is  the  focal  di- 
stance of  an  infinitely  slender  pencil  of  central  rays,  and 
Aeo,h„_f'^i(P-!^) %  i»'  the  aberration 
arising  from  the  spherical  figure  of  the  refracting  surface. 

Odr  formula  has  thus  at  last  put  on  a  very  simple  form, 
and  is  vastly  preferable  to  Dr  Smith's  for  practice. 

This  aberration  is  evidently  proportional  to  the  square  of 
the  semUaperture,  and  to  the  square  of  the  distance  •  i  but, 
in  order  to  obtain  this  simplicity,  several  quantities  «ere  ne- 
glected. The  assumption  of  the  equality  of  A  X  to  ^  is 
the  first  source  of  error.  A  imichinore  accurate  value  of  it 
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should  have  AX  = ■>,=     ji-     To  have  used  this 

value  would  not  nave  much  complicated  the  calculus ;  bulit 
did  not  occur  to  us  till  we  bad  finished  the  investigation, 
audit  would  have  required  the  wbolfe  to  be  changed.  The 
'operation  in  rJages  485  and  438  is  another  source  of  error. 
But  these  enters  ate  very  inconsiderable  when  the  aperture 
is  moderate.  They  increase  lot  the  most  part  with  an  in- 
crease of*  aperture,  but  not  in  the  proportion  of  any  regular 
function  of  it;  so  that  we  cannot  improve  the  formula  by 
any  manageable  process,  and  must  be  contented  with  it 
The  error*  are  precisely  the  same  with  those  of  Dr  Smith? 
theorem,  and  indeed  with  those  of  any  that  we  have  Been, 
which  are  not  vastly  nuns  complicated. 

As  this  is  to  be  frequently  combined  with  subsequent 
operation*,  we  shorten  the  expression  by  putting  *  for 

-73-  I  & J  "o"       'I*eI1  *^  aPnBB  *•*  aber- 

rstiou  of  the  first  refraction  from  the  focal  distance  of  an 
infinitely  slender  pencil ;  and  now  the  focal  distance  of  re- 
fracted rays  is/=  *  —  •*'. 
If  the  incident  rays  are  parallel,  r  becomes  infinite,  and 


m—  1  _  

- 1)  m  a' 
aberration  of  extreme  parallel  rays. 

We  must  now  add  the  refraction  of  another  surface. 

Lemma  %  If  the  focal  distance  A  &  be  changed  by  a 
small  quantity  Ggt  the  focal  distance  AH  will  also 'be 
changed  by  a  small  quantity  H  h,  and  we  shall  have 
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wAG1:  AH*  =  G#:HA. 
Draw  M  g,  M  A,  and  the  perpendiculars  G  *,  H  it.  Then, 
because  the  sines  of  the  angles  of  incidence  are  in  a  con- 
stant ratio  to  the  sines  of  the  angles  of  refraction,  and  the 
increments  of  these  small  angles  are  proportional  to  the 
increments  of  the  sines,  these  increments  of  the  angles  are 
in  the  same  constant  ratio.     Therefore, 

We  have  the  angle  C  Mg  toHMAasmtol. 
Now  G^:Gi=-.AG:  AM, 

and  Gi:A*  =  mAG:HA, 

and  Afc:HA=MA:AH  = 

therefore  Gg  :  H  A  =  m  •  AG* :  A  H*. 

The  easiest  and  most  perspicuous  method  for  obtaining 
the  aberration  of  rays  twice  refracted,  will  be  to  consider 
the  first  refraction  as  not  having  any  aberration,  and  deter- 
mine the  aberration  of  the  second  refraction-  Then  con- 
ceive the  focus  of  the  first  refraction  as  shifted  by  the  aber- 
ration. This  will  produce  a  change  in  the  focal  distance 
of  the  second  refraction,  which  may  be  determined  by  this 


Pbop.  II.  Let  A  M,  B  N  (Fig.  10.)  be  two  spherical 
surfaces,  including  a  refracting  substance,  and  baring  then- 
centres  C  and  c  in  the  line  A  G.  Let  the  ray  a  A.  pass 
through  the  centres,  which  it  will  do  without  refraction. 
Let  another  ray  m  M,  tending  to  G,  be  refracted  by  the 
first  surface  into  M  H,  cutting  the  second  surface  in  N, 
where  it  is  farther  refracted  into  N  I.  It  is  required  to 
determine  the  focal  distance  BI P 

It  is  plain  that  the  sine  of  incidence  on  the  second  sur- 
face is  to  the  sine  of  refraction  into  the  surrounding  air  as 
1  to  tit.    Also  B I  may  be  determined  in  relation  to  B  H, 

by  means  of  B  H,  N  x,  B  c,  and   -,  in  the  same  way  that 

A  H  was  determined  in  relation  to  A  G,  by  means,  of  AG, 
M  X,  A  C,  and  m. 

Let  the  radius  of  the  second  surface  be  0,  and  let  e  still 
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express  the  semi-aperture,  (because  it  hardly  differs  from 
N  *.)  Also  let .  be  the  thickness  of  the  lens.  Then  ob 
serve,  that  the  focal  distance  of  the  rays  refracted  by  the 
first  surface,  (neglecting  the  thickness  of  the  lens,  and  the 
aberration  of  the  first  surface),  is  the  distance  of  the  radi- 
ant point  for  the  second  refraction,  or  is  the  focal  distance 
of  rays  incident  on  the  second  surface.     In  place  of  r, 

therefore,  we  must  take  f ;  and  as  we  make  k  =  i 

a        r 

in  order  to  abbreviate  the  calculus,  let  us  now  make  I  = 

-r  —  — ;  and  make  -*  =  —, m  £  as  we  made  —  =  — 

b        t  f       b  '  f       * 

*  ...  ,  -.  m— 1/..  m&\? 
.     Lastly,  in  place  of '  = j—  lft* 1  -rp 

-a*  /  =  (JL_iW(?_- 1) % =_=-'  "(«■ 

t     J    2 

Thus  we  have  got  an  expression  similar  to  the  other ; 
and  the  focal  distance  B  I,  after  two  refractions,  becomes 
B I  =/-/"• 

But  this  is  on  the  supposition  that  B  H  is  equal  to  f, 
whereas  it  is  really  t  —  f*  '  —  «.  This  must  occasion  a 
change  in  the  value  just  now  obtained  of  B  I.    The  source 

of  the  change  is  twofold.  1st,  Because,  in  the  value  — 
—  -,  we  must  put  v  —         ^  -      _>  and  because  we  must 

do  the  same  in  the  fraction .     In  the  second  place, 

when  the  value  of  B  H  is  diminished  by  the  quantity  **  I 
+  *,  B  I  will  Buffer  a  change  in  the  proportion  determined 
by  the  2d  Lemma.  The  first  difference  may  safely  be  ne- 
glected, because  the  value  of  *  is  very  small,  by  reason 

of  the  co-efficient  ■■  —  being  very  small,  and  also  because 
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•  the. variation  Iwsra  a  very  small  ratio -to 'the  quantity  itself, 
when  the  true  value  of  $  differs  but  little  from  that  of  the 
quantity  for  which  it  »  employed.  The  chief' change  in 
B  I  is  that  which  is  determined  by  the  Lemma.  There- 
fore take  from  B  I  the  variation  of  BH,  multiplied  by 

-  ,-,  which  is  very  nearly  =  — ^ — .  The  product  .of 
this  multiplication  is mf*  t  +  -^-^     TKs  being  taken 

from  /,  leaves  us  for  the  value  of  B  I/— /V?'— /■ 

<»'  +  *)• 

In  this  value,/is  the  focal  distance  of  an  infinitely  slen- 
der pencil  of  rays  twice  refracted  by  a  lens  having  no  thick- 

oese,  ■  — £—  is  the  shortening  occasioned  by  the  thick- 
ness, and/*  (m«  +  s)  is  the  effect  of  the  two  aberrations 
arising  from  the  aperture. 

It  will  be  convenient,  for  several  collateral  purposes,  to 
exterminate  from  these  formula?  the  quantities  k,  I,  and  f . 


For  this  purpose  make  -  = t-    We  have  already  * 


_1  +  — -.    Now  for^ ™** ;  and  we 

a     ma      mr  o      a  n 

oet/  = .     Therefore  -  *-— m/fbycon- 

8  ma      mr      n  f     b 

struction,  page  438,  Prop,  II.)  becomes  =  -  —  -+  -  + 


r 

pencil  twice  refracted),  viz.  — — -  +  — . 
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simplest  that  can  be  imagined,  and  makes  n  as  a  substitute 

for ;  a  most  useful  symbol,  as  we  shall  frequently 

a        b  * 

find  in  the  sequel.  It  also  gives  a  very  simple  expression 
of  the  focal  distance  of  parallel  rays,  which  we  may  call 
the  principal  focal  distance  of  die  lens,  and  distinguish  it 

in  future  by  the  symbol  p ;  for  the  expression  —  = 

) — ,  becomes  —  = when  the  incident  light  is  pa- 

T  r'  P         n  «e        t— 

rallel.     And  this  gives  us  another  very  simple  and  useful 

1  11 

measure  of,/";  for  -^  becomes  = \-  — -.       These  etjua- 

1        m  —  I       1     1      m  —  1        ,    1         11 

tsons-jj^ +  — ,  —  = ,  and  -y= (-— , 

f  n     Tr'  p  n  f       p  T  r> 

deserve  therefore  to  be  made  very  familiar  to  the  mind. 

We  may  also  take  notice  of  another  property  ofn.     It 

is  half  the  radius  of  an  isosceles  lens,  which  is  equivalent 

to  the  lens  whose  radii  are  a  and  £  .*  for  suppose  the  lens 

to  be  isosceles,  that  is,  a  —  b ;  then  n  = .     Now, 

the  second  a  is  negative  if  the  first  be  positive,  or  positive 

if  the  first  be  negative.    Therefore y  =  ^-  » 

o+o       *         .J        *        ,  «..       ..it. 

— i-  =  — -  and  —  =  — .  and  n  =  -=-.     Now  the  focal  dis- 
o*        o*  no'  2 

tance  of  this  lens  is ,  and  so  is  that  of  the  other, 

n 

and  they  are  equivalent 

But,  to  proceed  with  our  investigation,  recollect  that  we 

nr     \  r  J   2  « 

— j— J  -=-.     Therefore  » '  +  ',  the  aberration  (neglecting 
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.the  thickness  of  the  lens)  is/*     -—  I  —  —  — mJ  /* 

If  we  now  write  for  it,  i,  and  ^  their  value  as  determin- 
ed above,  performing  all  the  necessary  multiplications,  and 
.arrange  the  terms  in  such  a  manner  as  to  collect  in  one 
sum  the  co-efficients  of  a,  n,  and  r,  we  shall  find  4  terms 
for  the  value  of  m  ',  and  10  for  the  value  of'.  The  * 
are  destroyed  by  as  many  with  contrary  signs  in  the  value 
of,  and  there  remain  6  terms  to  express  the  value  of  m/ 
+  /,  which  we  shall  express  by  one  symbol  q ;  and  the 
equation  stands  thus : 

«i—  1  /«*        Sffi'+n       »  +  «       »!»*+« 

» ■  "ur*  I  ■?  — ^?~~  +  ~?r  +  - ^ — 

4«  +  4  8fft  +  g\  s» 
am  "*"  "7n  J  ~2~' 
The  focal  distance,  therefore,  of  rays  twice  refracted, 
reckoned  from  the  last  surface,  or  B  I,  corrected  for  aber- 
ration, and  for  the  thickness  of  the  lens,  is  J" — /  -y  — 
f*  q,  consisting  of  three  parte,  v\r.,f,  the  focal  distance  of 
central  rays;  /*-rr»  the  correction  for  the  thickness  of 

the  lens ;  and/1  q  the  aberration. 

The  above  formula  appears  very  complex,  but  is 
of  very  easy  management,  requiring  only  the  prepara- 
tion of  the  simple  numbers  which  form  the  numerators 
of  the  fractions  included  in  the  parenthesis.  When 
the  incident  rays  are  parallel,  the  terms  vanish  which  have 
r  in  the  denominator,  so  that  only  the  three  first  terms  are 
used. 

We  might  here  point  out  the  cases  which  reduce  the 
aberration  expressed  in  the  formula  last  referred  to,  to  no- 
thing ;  but  as  they  can  scarcely  occur  in  the  object-glass 
5 
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of  a  telescope,  we  omit  it  for  the  present,  and  proceed  to 
the  combination  of  two  or  more  lenses. 

Lemma  3.  If  A  G  be  changed  by  a  small  quantity  Gg, 
Bl0uffenachangeIi,andG£-:Ii=AG*:BI>.  Foe 
it  is  well  known  that  the  small  angles  GMg  and  IN*  are 
equal ;  and  therefore  their  subtense*  G  ft,  I  n,  arc  propor- 
tional to  MG,  N  I,  or  to  AG,  A  I,  neatly  when  the  aper- 
ture ia  moderate.     Therefore  we  hare  (nearly) 

Gk:  In:  AG:  BI 

Ifl:Ii  =  AM:BI 

Gg:Gk=A.G:  AM 
Therefore  Gg :  I  i  =  AG»  :  BF 
Prop.  III.    To  determine  the  focal  distance  of  rays  re- 
fracted by  two  lenses  placed  new  to  each  other  on  a  com- 
mon axis. 

Let  AM,  MN  (Fig.  11.)  be  the  surfaces  of  the  first  lense, 
and  CO.DP  be  the  surfaces  of  the  second,  and  let  0  be 
the  thickness  of  the  second  lens,  and  )  the  interval  between 
them.  Let  the  radius  of  the  anterior  surface  of  the  second 
lens  be  a',  and  the  radius  of  its  posterior  surface  be  V. 
Let  m/  be  to  1  as  the  sine  of  incidence  to  the  sine  of  re- 
fraction in  the  substance  of  the  second  lens.  Lastly,  let  p 
be  the  principal  focal  distance  of  the  second  lens.  Let  the 
extreme  or  marginal  ray  meet  the  axis  in  L  after  passing 
through  both  lenses,  so  that  DL  is  the  ultimate  focal  dis- 
tance, reckoned  from  the  last  surface. 

It  is  plain  that  DL  may  be  determined  by  means  of  a>, 
b',  ml,  ft,  and  CI,  in  the  same  manner  that  BI  was  deter- 
mined by  means  of  a,  b,  m,  p,  and  AG. 

The  value  ofBI  is/—  *»•£,— f  ?•    Take  from  this 

ft 

the  interval  >,  and  we  have  C  I  =/ —  m  »  t  —  *  — /*  q~ 

f* 

Let  the  small  part  —  m  ""^j  —  *  — f*  q  be  neglected  for 

the  present,  and  let  C I  be  supposed  =  /.    As  we  formed 

DigitizedbyGoOgle 


*,/,  and  o,  by  means  of  a,  b,  «,  m,  and  r,  let  ub  now  fix* 
//',  and  ^  for  the  second  lens,  by  meanti  af  *,  «',  m%  *<7 

f=  — ■  —  -jA  and  r1.,  f"  will  be  the  focal  distance  of  a 

slender  pencil  refracted  by  the  first  surface, /will  be  die 
food  distance  of  this  pencil  after  two  ntfrnctions,  and  g* 
will  be  the  otM-flknent  of  the  aberration*  neglecting  the 
thickness  and  interval  of  the  lenses. 

Proceeding  in  this  way,  D  L  will  be  =/'  —  m  fl  -y-  — 
fq.  But  because  CI  is  really  lew  than/,  by  the  quantity 
M  .  £~  +  *  +  f*  5',  we  mult  (by  Lemma  3.)  subtract  the 

product  of  tfiis  quantity,  multiplied  by  -gp,    (which    is 

«arly  <C\  from/'  —  m  *  ^3-  —  /■  ?■ 

By  this  process,  we  shall  have 

DL=/--r('?:+ji+-^)-/'(?+S0- 

The  first  term/'  of  this  value  of  D I  is  the  focal  dis- 
tance of  a  slender  pencil  of  central  rays  refracted  by  both 
lenses,  neglecting  their  thickness  and  distance ;  the  second 

term,  — /"(—r+  71  +  —nr )  is  the  correction  necessary 

for  these  circum  stances ;  and  the  third  term,  — f*  (y+s9» 
is  the  correction  for  the  aperture  2  e.  And  it  is  evident 
that  ^  is  a  formula  precisely  similar  to  9,  containing  the 
same  number  of  terms,  and  differing  only  by  the  at',  a',  n, 
and  r",  employed  in  place  of  m,  a,  n,  and  r. 

It  is  also  evident,  that  if  there  be  a  third  lens,  we  shall 
obtain  its  focal  distance  by  a  process  precisely  similar  to 
that  by  which  we  obtained  DX ;  and  so  on  for  any  Dum- 
ber of  lenses. 

Thus  have  we  obtained  formula;  by  which  the  foci  of 
rays  are  determined  in  the  most  general  terms  (  and  in  such 
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■  masMcr  as- 'shall  point  out  the-connexkm  of  the  curva- 
tures, thicknesses,  and  distances  of  the  lenses*  with  their 
qpberical  aberrations,  and  with  the  final  aberration  of  the 
compound  lens,  and  give  the  aberrations  in  separate  sym- 
bols, so  that  we  can  treat  thee*  by  themselves,  and  subject 
them  to  any  conditions  which  may  enable  us  to  correct  one 
of  then  by  another. 

We  also  tee,  in  general,  that  the  correction  for  the  thicki- 
ness  and  distance  of  the  lenses  are  exhibited  in  terms  which 
involve  only  the  fiscal  distances  of  central  rays,  and  have 
very  little  influence  on  the  aberrations,  and  still  lass  on  the 
ratio  of  the  aberrations  of  the  different  lenses.  This  is  a 
most  convenient  circumstance ;  for  we  may  neglect  them 
while  we  are  determining  j  and  g',  and  in  determining  the 
ratio  of  the  focal  distances  of  the  several  lenses,  on  which 
the  correction  of  the  chromatic  aberration  chiefly  depends. 
Therefore,  in  the  construction  of  a  compound  lens  for  uniU 
ing  the  different  colours,  we  may  neglect  this  oorroction 
for  the  thickness  and  distance  till  the  end  of  the  prooeas. 
When  we  apply  it,  we  shall  find  that  it  chiefly  affects  the 
final  focal  distance,  making  it  somewhat  longer,  but  has 
hardly  any  influence  either  on  the  chromatic  or  spherical 
aberration.  We  do  not  hesitate  to  say,  that  the  final  for- 
mulae here  given  are  abundantly  accurate,  while  they  are 
vastly  more  manageable  than  those  employed  by  Euler  or 
D'Alembert.  We  have  calculated  trigonometrically  the 
progress  of  the  rays  through  one  of  the  glasses,  which  will 
be  given  as  an  example,  giving  it  a  very  extravagant  aper- 
ture, that  the  errors  of  the  formulas  might  be  very  remark- 
able. We  found  the  real  aberration  exceed  the  aberration 
assigned  by  the  formula  by  no  more  than  T\  part,  a  differ- 
ence which  is  quite  insignificant.  The  process  here  given 
derives  its  simplicity  from  the  frequent  occurrence  of  har- 
monic proportions  in  all  optical  theorems.  This  enabled 
Mr  Clairaut  to  employ  the  reciprocals  of  the  radii  and  dis- 
tances with  so  much  simplicity  and  generality. 
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Wc  consider  it  as  another  advantage  of  Mr  Cbanmt'a 
method,  that  it  giro,  by  die  my,  formulae  far  die  nun 
aidinary  questions  in  optics,  which  are  of  wonderful  no- 
•licity,  and  moat  easily  remembered.  The  chief  problems 
in  the  elementary  construction  of  optical  a 
to  the  fool  distances  of  central  rays.  Tina  i 
the  focal  ^'ftf."™  and  arrangement  of  the  glasses,  All 
the  rest  may  be  called  the  refinement  of  optics ;  teaching 
us  how  to  avoid  or  correct  the  indistiwUieas,  the  colours, 
and  the  distortions,  which  are  produced  in  the  images  form- 
ed by  these  simple  constructions.  We  shall  mention  a  few 
of  these  formula;  which  occur  in  our  process,  and  tend 
greatly  to  abbreviate  it  when  managed  by  an  expeiieuned 
anajyt 

Letm  be  to  1  as  the  sine  of  incidence  to  die  sin*  of  re- 
traction ;  let  a  and  o  be  the  radii  of  the  anterior  and  poste- 
rior surfaces  of  a  lens ;  let  r  be  the  distance  of  toe  radiant 
point,  or  the  focus  of  incident  central  rays,  andy  the  dis- 
tance of  the  conjugate  focus ;  and  let  p  be  the  principal  fo- 
cal distance  of  the  lens,  or  the  focal  distance  of  parallel  rays. 

Make    -  equal  to r;  let  the  same  letters,  a',  V,  f, 

n  a     b  " 

fcc.  express  the  same  things  for  a  second  lens ;  and  a" ,  h", 

r",  fcc.  express  them  for  a  third ;  and  so  on.     Then  we 

bare 

1      «— I    „  1     1      m'~\      1     1        at"— 1      1  . 

y — —+r*j>=— ?-+?*/•=- s-+^kc- 

Therefore  when  the  incident  light  is  parallel,  and  r  infi- 

mte,  we  have  -  = ;  -=  — — ;  —  = ,  4c. 

p         n       p        n        jr  n" 

And  when  several  lenses  are  contiguous,  so  that  their  in- 
tervals may  be  neglected,  and  therefore  »    belonging   to 

the  first  lens,  becomes  -,  belonging  to   the  second,    we 
have 
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_  L  *     1       fa*— I  ,  «— 1      1        I 

-    1  «"— 1        »'— 1        M— 1        1  1      ,1,1 

V^— +— +  — +  ?  =  ^+j?V 
I 
r' 

Nothing  can  be  more  easily  remembered  than  these  for- 
mulae, how  numerous  soever  the  glasses  may  be. 

Having  thus  obtained  the  necessary  analysis  and  formula, 
it  now  remains  to  apply  them  to  the  construction  of  achro- 
matic lenses ;  in  which  it  fortunately  happens,  that  the  em- 
ployment of  several  surfaces,  in  order  to  produce  the  union 
of  the  differently  refrangible  rays,  enables  us  at  the  same 
time  to  employ  them  for  correcting  each  other's  spherical 
aberration, 

A  white  or  compounded  ray  is  separated  by  refraction 
into  its  component  coloured  rays,  and  they  are  diffused  over 
a  small  angular  space.  Thus  it  appears,  that  the  glass 
used  by  Sir  Isaac  Newton  in  his  experiments  diffused  a 
white  ray,  which  was  incident  on  its  posterior  surface  in  an 
angle  of  30°,  in  such  a  manner  that  the  extreme  red  ray 
emerged  into  air,  making  an  angle  of  50°  21J'  with  the 
perpendicular ;  the  extreme  violet  ray  emerged  in  an  angle 
of  51°  lfif;  and  the  ray  which  was  in  the  confines  of  green 
and  blue,  emerged  in  an  angle  of  50°  48J'  If  the  sine  of 
the  angle  30°  of  incidence  be  called  0,5,  which  it  really  is, 
the  sine  of  the  emergence  of  the  red  ray  will  be  0,TT ;  that 
of  the  violet  ray  will  be  0,78 ;  .and  that  of  the  intermediate 
ray  will  be  0,77$,  an  exact  mean  between  the  two  extremes. 
This  ray  may  therefore  be  called  the  mean  refrangible  ray, 
and  the  ratio  of  77£  to  50,  or  of  1,55  to  1,  will  very  pro- 
perly express  the  mean  refraction  of  this  glass ;  and  we 
have  for  this  glass  m  =  1,55.  The  sine  of  refraction, 
being  measured  on  a  scale,  of  which  the  sine  of  incidence 
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occupies  100  parts,  will  be  154  for  the  red  ray,  155  for  the 
mean  ray,  and  156  for  the  violet  ray.  This  number,  or  its 
ratio  to  unity,  is  commonly  taken  to  represent  the"  refrac- 
tive power  of  the  glass.  There  is  some  impropriety  in  this, 
unless  we  consider  ratios  as  measured  by  their  logarithms ; 
for  if  m  be  1,  the  substance  does  not  refract  at  all  The 
refractive  power  can  be  properly  measured  only  by  the  re- 
fraction which  it  produces ;  that  is,  by  the  change  which 
it  makes  in  the  direction  of  the  light,  or  the  angle  contained 
between  the  incident  and  refracted  rays.  If  two  substances 
produce  such  deviations  always  in  one  proportion,  we  should 
then  my  that  thdr  refractive  powers  are  in  that  proportion. 
This  is  not  true  in  any  substances ;  but  the  sines  of  the 
angles,  contained  between  the  refracted  ray  and  the  perpen- 
dicular, are  always  in  one  proportion  when  the  angle  of  in- 
cidence in  both  substances  is  the  same.  This  being  a  cog- 
nisable function  of  the  real  refraction,  has  therefore  been 
assumed  as  the  only  convenient  measure  of  the  refractive 
powers.  Although  it  is  not  strictly  just,  it  answers  ex- 
tremely well  in  the  most  usual  cases  in  optical  instrument*: 
the  refractions  are  moderate;  and  the  sines  are  very  nearly 
as  the  angles  contained  between  the  rays  and  the  perpendi- 
cular; and  the  real  angles  of  refraction,  or  deflections  of  the 
rays,  are  almost  exactly  proportional  to  tn—  1.  The  most 
natural  and  obvious  measure  of  the  refractive  powers  would 
therefore  be  m —  I.  But  this  would  embarrass  some  very 
frequent  calculations ;  and  we  therefore  lad  it  best,  on  the 
whole,  to  take  m  itself  for  the  measure  of  the  refractive 
power. 

The  separation  of  the  red,  violet,  and  intervening  rays, 
has  been  called  dispersion ;  sad  although  this  arises  merely 
from  a  difference  of  the  refractive  power  in  respect  of  the 
different  rays,  it  is  convenient  to  distinguish  this  particu- 
lar modification  of  the  refractive  powwr  by  a  name,  and' 
we  call  it  the  Disfiksive  Powke  of  the  refracting  sur- 
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It  is  niaoeptible  of  degrees ;  for  a  piece  of  flint  glass 
will  refract  the  light,  so  that  when  the  sine  of  refraction  of 
the  red  ray  is  77,  the  sine  of  the  refraction  of  the  violet  ray 
is  nearly  78$ ;  or  if  the  sine  of  refraction  of  the  red  ray, 
measured  on  a  particular  scale,  is  1,64,  the  sine  of  refrac- 
tion of  the  violet  ray  is  1,57.  The  dispersion  of  thia  sub. 
stance,  being  measured  by  the  difference  of  the  extreme 
sines  of  refraction,  is  greater  than  the  dispersion  of  the 
ether  glass,  in  the  proportion  of  3  to  X. 

But  this  alone  is  not  a  sufficient  measure  of  the  absolute 
dispersive  power  of  a  substance-  Although  the  mtie  of 
1,64  to  1,66  remains  constant,  whatever  the  real  magnitude 
of  the  refractions  of  common  glass  may  be,  and  though  we 
therefore  say  that  its  dispersive  power  is  constant,  we  know, 
that  by  increasing  the  incidence  and  the  refraction,  the  ab- 
solute dispersion  is  also  increased.  Another  substance  shows 
the  same  properties,  and  in  a  particular  case  may  produce 
the  same  dispersion ;  yet  it  has  not  for  this  sole  reason  the 
same  dispersive  power.  If  indeed  the  incidence  and  the 
refraction  of  the  mean  ray  be  also  the  same,  the  dispersive 
power  cannot  be  said  to  differ ;  but  if  the  incidence  and 
the  refraction  of  the  mean  ray  be  less,  the  dispersive  power 
must  be  considered  as  greater,  though  the  actual  dispersion 
be  the  same ;  because  if  we  increase  the  incidence  till  it  be- 
comes equal  to  that  in  the  common  glass,  the  dispersion 
will  now  be  increased.  The  proper  way  of  conceiving  the 
dispersion  therefore  is,  to  consider  it  as  a  portion  of  the 
whole  refraction ;  and  if  we  find  a  substance  making  the 
same  dispersion  with  half  the  general  refraction,  we  must 
say  that  the  dispersive  quality  is  double ;  because  by  mak- 
ing the  refraction  equal,  the  dispersion  will  really  be 
double. 

If  therefore  we  take  m  as  a  symbol  of  the  separation  of 


the  extreme  rays  from  the  middle  ray, j-  is  the  natu- 

ressthis 
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raJ  measure  of  the  dispersive  power.   We  shall  express  this 

Voi.  in.  i  p  «, 


ui  the  Leibnitzian  notation,  thus  ■ 

t; 

the  indistinctness  which  the  Newtonian  notation  would  oc- 
casion when  m  is  changed  for  m'  or  m". 

It  is  not  unusual  for  optical  writers  to  take  the  whole  se- 
paration of  the  red  and  violet  rays  for  the  measure  of  the 
dispersive  power,  and  to  compare  this  with  the  refracting 
power  with  respect  to  one  of  the  extreme  rays.  But  it  is 
surely  better  to  consider  the  mean  refraction  as  the  measure 
of  the  refracting  power ;  and  the  deviation  of  either  of  the 
extremes  from  this  mean  is  a  proper  enough  measure  of  the 
dispersion,  being  always  half  of  it  It  is  attended  with  this 
convenience,  that  being  introduced  into  our  computations 
as  a  quantity  infinitely  small,  and  treated  as  such  for  the 
ease  of  computation,  while  it  is  really  a  quantity  of  sensible 
magnitude ;  the  errors  arising  from  this  supposition  are  di- 
minished greatly,  by  taking  one  half  of  the  deviation  and 
comparing  it  with  the  mean  refraction.  This  method  has, 
however,  this  inconvenience,  that  it  does  not  exhibit  at  once 
the  refractive  power  in  all  substances  respecting  any  parti- 
cular colour  of  light,  for  it  is  not  the  ray  of  any  parti- 
cular colour  that  suffers  the  mean  refraction.  In  common 
glass  it  is  the  ray  which  is  in  the  confines  of  the  yellow  and 
blue ;  in  flint-glass  it  is  nearly  the  middle  blue  ray ;  and  in 
other  substances  it  is  a  different  ray.  These  circumstances 
appear  plainly  in  the  different  proportions  of  the  colours  of 
the  prismatic  spectrum  exhibited  by  different  substances. 
This  will  be  considered  afterwards,  being  a  great  bar  to  the 
perfection  of  achromatic  instruments. 

The  way  in  which  an  achromatic  lens  is  constructed,  is 
to  make  use  of  a  contrary  refraction  of  a  second  lens  to  de- 
stroy the  dispersion  or  spherical  aberration  of  the  first. 


—  — -.    For,  in  order  that  the  different  coloured  rays 
may  be  collected  into  one  point  by  two  lenses,  it  is  only  ne- 
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cessary  that  ^ ,  the  reciprocal  of  the  focal  distance  of  rajs 
refracted  by  both,  may  be  the  same  for  the  extreme  and 
mean  rays,   that 


dm dm' 

n  —  »  " 
This  may  be  seen  in  another  way,  more  comprehensible  by 
such  as  are  not  versant  in  these  discussions.  In  order  that 
the  extreme  colours  which  are  separated  by  the  first  lens 
may  be  rendered  parallel  by  the  second,  we  have  shown 
already  that  n  and  ri  are  proportional  to  the  radii  of  the 
equivalent  isosceles  lenses,  being  the  halves  of  these  radii. 
They  are  therefore  (in  these  small  refractions)  inversely 
proportional  to  the  angles  formed  by  the  surfaces  at  the 
edges  of  the  lenses,  ri  may  therefore  be  taken  for  the  ■ 
angle  of  the  first  lens,  and  n  for  that  of  the  second.  Now 
the  small  refraction  by  a  prism,  whose  angle  (also  small) 
is  ri,  is  m — 1  x  ri.  The  dispersive  power  being  now  sub- 
stituted for  the  refractive  power,  we  have  for  this  refraction 
of  the  prism  d  m  x  ri.  This  must  be  destroyed!  by  the  op- 
posite refraction  of  the  other  prism  d  w  X  .**>'    Therefore 


Lastly,  the  errors  arising  from  the  spherical  figure  which 
we  expressed  by  —  B*  (q  +  q)  will  be  corrected  if  q  +  q'  be 
=  0.  We  are  therefore  to  discover  the  adjustments  of  the 
quantities  employed  in  the  preceding  formulae,  which  will 
insure  these  conditions.     It  will  render  the  process  more 
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perspicuous  if  we  collect  into  one  view  the  significations  of 
our  various  symbols,  and  the  principal  equations  which  we 
are  to  employ. 

1.  The  ratios  to  unity  of  the  sines  of  mean 
incidence  in  the  different  media  are  as,  ar",  m' 

2.  The  ratio  of  the  differences  of  the  sines  of 

the  extremes  -  -  -7— « a  u. 

ttmr 

8.  The  ratio  2=1  -  -  =  c 

m' — I 

4.  The  radii  of  the  surfaces  a,l;  a',  ft;  a',  6: 

5.  The  principal  focal  distances,  or  the  focal 
distances  of  parallel  central  rays,  P^P'tP'' 

6.  The  focal  distance  of  the  compound  lens  F. 

7.  The  distance  of  the  radiant  point,  or  of 

the  focus  of  incident  rays  on  each  lens  r,  r',  r". 

8.  The  focal  distance  of  the  rays  refracted 

by  each  lens  ...         J',J,,f- 

fl.  The  focal  distance  of  rays  refracted  by 

the  compound  lens  -  -  F. 

10.  The  half  breadth  of  the  lens  c. 

Also  die  following  subsidiary  values : 

1_1     1     1      1      I      1      1       1 

s~V  «v"«r" #''  «--&—&■ 

,        ,        )  7T-     And  tf  and  w  mUBt  be  formed 

in  the  same  manner  from  m',  a',  n',  r1 ;  and  from  w,  of, 
n",  r*t  m  g  is  formed  from  m,  a,  n,  r. 

8.  Also,  because  in  the  case  of  an  object-glass,  r  is  infi- 

-rrr 

- »  j,v,  will  vanish,  and  we  shall  also  have  F«P. 


KibyGoogle 


Therefore,  in  a  double  object-glass,  «  —  —^ 1 » 

And  b  ft  triple  objeet-g law  F  =  —^-  4.  — —  + 
"— '         1   .I,1 

Also,  in  a  double  object-glass,  the  correction  of  spherir 
cal  aberration  requires  q  +  tf  =  v. 

And  a  triple  object-glass  requires  g  +  q1  +  q"  =  v.  Vat 
the  whole  error  is  multiplied  by  F*,  and  by  j«* ;  and 
therefore  the  equation  which,  corrects  this  error  may  be  di- 
vided by  F*i  a*. 

This  equation,  in  the  preceding  page,  7th  line  from 
the  bottom,  giving  the  value  of  q,  q"t  q»t  may  be  much 
simplified  as  follows :  In  the  first  place,  they  may  be  di- 
vided by  m,  rrt,  or  m",  by  applying  them  properly  to  the 
terms  within  the  parenthesis,  and  expunging  them  from 

the  denominator  of  the  general  factors ,  — ^r-,  -  ~j— 

*  mm!        mr 

This  does  not  alter  the  values  of  q,  q",  and  q".  In  the  se- 
cond place,  the  whole  equations  may  be  afterwards  divided 
by  tn* — 1.    This  will  give  the  values  of  — %—:.   — --», 

and  jj£j-»  which  will  still  be  equal  to  nothing  if  j  +  fl/ 
+  g"  be  equal  to  nothing. 

This  division  reduces  the  general  factor  — —  of  q1  to 
—,.     And  in  the  equation  for  q  we  obtain,  in  place  of  the 

general  factor  ,  the  factor  ■  ■  g,  ore  This  will  al- 
so be  the  factor  of  the  value  of  3"  when  the  third  lens  is  of 
the  same  substance  with  the  first,  as  is  generally  the  case. 


KibyGoogle 


464 

And,  m  the  third  place,  since  the  rajs  incident  on  the  fint   . 
lens  are  parallel,  all  the  terms  vanish  from  the  value  of  q, 

in  which  -  is  found,  and  there  remain  only  the  three  Srst, 

m*     2m*  +  m      m+2 
viz.  -, j—  + 


a*  n 
Performing  these  operations,  we  have 

a  /m*       2  m  +  1       t 

-£_—<.( — — .+- 

' — 1  \tr  an1         n 

«m'+l       w+a  ,  3«f+l 


2m+_l       m  +  2Ag 
n*         in  a*  n  )  2 
^         /in'  *  __  *"»'+*   ■   »»■  +2      3 
m' — 1      \"iF*        d  w* " +™,'>''« + 


rnVn-JT 
J"  ftV       2m+l      m  +  g       8«+l     4(w+1) 

8m+2\g* 
mVn/  2 

Let  us  now  apply  this  investigation  to  the  construction 
of  an  object-glass ;  and  we  shall  begin  with  a  double  lens. 

Construction  qfa  Double  Achromatic  Object-Glati. 
Here  we  have  to  determine  four  radii  a,  ft,  a',  and  4'. 
Make  n  =  1 .     This  greatly  simplifies  the  calculus,  by  ex- 
terminating it  from  all  the  denominators.     This  gives  for 

..                  dm       dm'  -  ,  dm' 

tbe  equation f~  — —  =  0,   the  equation  d  m  +  — - 

n         ,  dm'         ,1  dm 

=  0,  or  dm= ,  and  -  =  —  -*— ,,  = —  ti.    Al- 
ii'  *  «'  dml* 

so  we  have  r,  the  focal  distance  of  the  light  incident  on 

the  second  lens,  the  same  with  the  principal  focal  distance 

p  of  the  first  lens  (neglecting  the  interval,  if  any).     Now 

-  = ,  which,  in  the  present  case,  is  =  m— I .     Also 

-,  is  =  —  u  (»»'  —  1),  and  p-  =  m  —  1  —  w  (m'—  1) 
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Make  these  substitutions  in  the  values  of  — — ,  and 
»— 1 

y-ij  and  we  obtain  the  following  equation: 


tytm+1)      c (»+*)_ j, #      ^(im'+l)    _ 


+  1)  («— 1)  —  W1™*— •— r^ *■  =  <>. 

Let  A  be  die  coefficient  of  -y,  B  tliat  of  -,   C  that  of 


tity;  that  is,  let  A  be  =^±^,  B  =  c(2w+I),   C 

=  »K  +  2)  ^  4,(f  +  l)Q»-1) 

m  v  '  *» 

and  E  =  cw»*  +  «*  (3  m' +  1)  (m  —  1)  —  usm'*  — 
»(g,m'-i-2)(CT—  1)* 
■7 

Our  Jinal  equation  becomes 

o1         a        a'"        a 

The  coefficients  of  this  equation,  and  the  independent 
quantity,  ore  all  known,  from  our  knowledge  of  m,  «*',  dm, 
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dm-;  and  we  ire  to  find  the  values  of  a  and  »,  «nd fiom 
them  and  n  =  1  to  find  the  values  of  6  and  V. 

But  U  is  evidently  an  indeterminate  equation,  because 
there  are  two  unknown  quantities ;  so  that  there  may  be 
an  infinity  of  solutions.  It  must  be  rendered  determinate 
by  means  of  some  other  conditions  to  which  it  may  be  sub- 
jected. These  conditions  must  depend  on  some  other  cir- 
cumstances which  may  direct  our  choice. 

One  circumstance  occurs  to  us  which  we  think  of  very 
great  consequence.  In  the  passage  of  light  from  one  sub- 
stance to  another,  there  is  always  a  considerable  portion  re- 
flected from  the  posterior  surface  of  the  first,  and  from  the 
anterior  surface  of  the  last ;  and  this  reflection  is  more  co- 
pious in  proportion  to  the  refraction.  This  loss  of  tight 
will  therefore  be  diminished  by  making  the  internal  snr- 
faces  of  the  lenses  to  coincide ;  that  is,  by  making  b  =  af. 
This  will  be  attended  with  another  advantage.  If  we  put 
between  the  glasses  a  substance  of  nearly  the  same  refract- 
ing power,  we  shall  not  only  completely  prevent  this  loss 
of  light,  but  we  shall  greatly  diminish  the  errors  which 
arise  from  an  imperfect  polish  of  the  surfaces.  We  have 
tried  this,  and  find  the  effect  very  surprising.  The  lens 
being  polished  immediately  after  the  figure  has  been  given 
it,  and  while  it  was  almost  impervious  to  light  by  reason 
of  its  roughness,  which  was  still  sensible  to  the  naked  eye, 
performed  as  well  as  when  finished  in  the  finest  manner. 

N.  B.  This  condition,  by  taking  away  one  refraction, 
obliges  us  to  increase  those  which  remain,  and  therefore  in- 
creases the  spherical  aberrations.  And  since  our  formula 
does  not  fully  remove  those  (by  reason  of  the  small  quanti- 
ties neglected  in  the  process),  it  is  uncertain  whether  this 
condition  be  the  most  eligible.  We  have,  however,  no 
direct  argument  to  the  contrary. 

Let  us  see  what  determination  this  gives  us. 

In  this  case  -  =  I  =  -  —  1.    For  because  -  =  -  — 
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I  and  n  -  1,  we  have  1  +  },s=  !,  and  I  ss  i—  1.  then. 

1  A        a  o       « 

five  -y  :=  -J  —  -  +  I.     Therefore,  in  our  final  equation, 

puta—  -  +  1  in  place  of -^  and 1  in  place  of  — 

ari  it  become.  ^=£-*+£^5+E  +  D-C=0. 

Thus  have  we  anired  at  a  common  affected  quadratic 

equation,  where  -  is  the  unknown  quantity.     It  has  the 

common  form  pa*  +  qx  +  r  =  0,  where p  is  =  A  —  C,  q 
is  equal  to  8  C—B — D,  ris  equal  to  E  +  D  — C,  and*  is 

equal  to-. 

Divide  the  equation  by  p,  and  we  have  x*  +  2  x  +   - 
P  P 

=  0.  Make  s  =  2  and  i  =  -,  and  we  have  #*  +  #*  +  < 
P  P 

=  0.    This  gives  us  finally  -,or  *  =  —  |#=t:  V*  i** — *- 

This  value  of  -  is  taken  from  a  scale  of  which  the  unit 
a 

ia  half  the  radius  of  the  isosceles  tens,  which  is  equivalent  to 
thetirst  lens,  or  baa  the  same  fiscal  distance  with  it  We 
must  then  find  (on  the  same  scale)  the  value  of  b,  viz.  -  —  t, 
which  is  also  the  value  of  d.    Having  obtained  of ,  we  mutt 

find  1/  by  means  of  the  equation  -  =  —  —  E  and  there- 
w     a!      V 


fore  *=£—!.  Bot=,  =  ai.  Therefore i  =7 -t-u,  = 
o      a       n  n  b       a 

Ttua  it  our  object-glass  constructed  ?  and  we  ntut  data*. 
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mine  its  fixal  distance,  or  its  reciprocal  p.  Thisis=m— -1 

—  u(m— 1.) 

All  these  radii  and  distances  are  measured  on  a  scale  of 
which  n  is  the  unit  But  it  is  more  convenient  to  measure 
every  thing  by  the  focal  distance  of  the  compound  objects 
glass.  This  gives  us  the  proportion  which  all  the  distances 
bear  to  it     Therefore  calling  F  unity,  in  order  to  obtain 

«  on  this  scale,  we  have  only  to  state  the  analogy  m  —  1  —  « 

.1_ 

"  A' 
face  measured  on  a  scale  of  which  P  is  the  unit 

If,  in  the  formula  which  expresses  the  final  equation  for 

-,  the  value  of  t  should  be  positive,  and  greater  than  \  j*, 

the  equation  -has  imaginary  roots ;  and  h  is  not  possible  with 
the  glasses  employed,  and  the  conditions  assumed,  to  correct 
both  the  chromatic  and  spherical  aberrations, 

If  t  h  negative  and  equal  to  i  «*,  the  radical  part  of  the 

value  is  =  0,  and  -  =  —  t  ».'    But  if  it  be  negative  or 

positive,  but  less  than  £  «*,  the  equation  has  two  real  roots, 
which  will  give  two  constructions.  That  is  to  be  preferred 
which  gives  the  smallest  curvature  of  the  surfaces ;  because, 
since  in  our  formula;  which  determine  the  spherical  aberra- 
tion some  quantities  are  neglected,  these  quantities  are  al- 
ways greater  when  a  large  arch  (that  is,  an  arch  of  many 
degrees)  is  employed.  No  radius  should  be  admitted  which 
is  much  less  than  J  of  the  focal  distance. 

All  this  process  will  be  made  plain  and  easy  by  an  ex- 
ample. 

Very  careful  experiments  have  shown,  that  in  common 
crown-glass  the  sine  of  incidence  is  to  the  sine  of  refraction 
as  1,526  is  to  I,  and  that  in  the  generality  of  flint-glass  it 
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is  as  1,604  to  1.    Also  that  —  =  0,6064  =  «.    There. 

am 

fbrem  — 1  =  0,526;  m>—  1  =  6,604;  c=  £~\,  = 

0,97086.  By  these  numbers  we  can  compute  the  coeffi- 
cients of  our  final  equation.  We  shall  find  them  as  fol- 
lows:— 

.  A  =  3,012 
B=  3,529 
C  =  1,360 
D  =  — 0,626 
E=  1,8659 
The  general  equation  (p.  455. 1.  19.),  when  subjected  to 

A— C 

the  assumed  coincidence  of  the  internal  surfaces,  is  — -% — 

—  B  +  Do~8C  +  E+D— C  =  0.  A  — Cis=0,652; 
B  +  D—  2C  is  =0,283;  and  E+D  —  Cis=  —  0,020; 

...  -    ,  0.652 

and  the  equation  with  numerical  coefficients  is  — -3 —  — 

— — 0,020  =  0,  which  corresponds  to  the  equation 

$>**  +  }»  +  »■  =  0,    We  must  now  make  1  =  -*■*— 


=  0,0807.   This 

1        0,484 

gives  us  the  final  quadratic  equation  —1  — —  0,0307 

=  0.  To  solve  this,  we  have  —  \*  =  0,217,  and  \  ?  — 
0,0471.  From  this  take  /,  which  is  = —  0,0307  (that  is, 
to  0,0471  add  0,0307),  and  we  obtain  0,0778,  the  square 

root  of  which  is  =  0,2789.     Therefore,  finally,  —  = 

0,2170  =*=  0,2789,  which  is  either  0,4959  or  —  0,0619- 
It  is  plain  that  the  first  must  be  preferred,  because  the  se- 
cond gives  a  negative  radius,  or  makes  the  first  surface  of 
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the  crown-glass  concave.  Nov,  as  the  convergence  of  the 
rays  is  to  be  produced  by  die  crown-glass,  the  other  sur- 
face must  become  very  convex,  and  occasion  great  errors  in 
the  computed  aberration.     We  therefore  retain  0,4959  for 

the  value  of  — ,  and  a  is  =  ■.;■ jqVq  ,  =  8,0166. 
To  obtain  5,  use  the  equation  -r-= —  ■— 1,  which  gives 

T~ 
therefore  =-; 

a'  is  the  same  with  i,  and  ^  -  —  0.S0M. 

To  obtain  ft1,  use  the  equation  "1u'  =  '3"+,*•    Now«= 


and  a 

Lastly,  -^-  =  m  — 1  — u(m'  — 1)  =  0,1608,  andP 


Now,  to  obtain  all  the  measures  in  terms  of  the  focal 
distance  P,  we  have  wily  to  divide  the  measures  already 
found  by  6,M83,  and  the  quotients  are  the  measures 


i  =  pl3  =  -0>81798 

«•=    -   -    =  —  0,31196 

*-&&-■  w» 

p  = . .  .  . ..  i. 


dbvGoogle 


If  it  be  intended  tint  the  foes*  distance  of  theobjeci. 
glass  flhall  be  any  number  *  of  inches  or  feet,  we  bare 
only  to  multiply  each  of  the  above  radii  by  «,  and:  we  have 
their  lengths  is  inches  or  feet. 

Thua  we  bare  completed  the  investigation  of  the  con- 
struction of  a  double  obj— fcfj—t  Although  thin  was  in- 
tricate, the  final  result  is  abundantly  simple  for  practice, 
especially  with  die  saristnare  of  logarithms.  The  only 
troublesome  thing  is  the  preparation  of  the  numerical  co- 
efficients A,  B,  C,  I),  E  of  the  final  equation.  Strict  at- 
tention must  also  be  paid  to  the  positive  and  negative  signs 
of  the  quantities  employed. 

We  might  propose  other  conditions.  Thus  it  is  natural 
to  prefer  for  the  first  or  crown-gIas3  leas  such  a  form  as 
■hall  give  it  the  smallest  possible  aberration.  This  witt  re- 
quire a  small  aberration  of  the  flint-glass  to  correct  it  But 
a  little  reflection  will  convince  as  that  this  form  will  not  be 
good.  The  focal  distwnfip  of  the  crown-glass  must  not  ex- 
ceed one-third  of  that  of  the  compound  glass;  these  two 
being  nearly  in  the  proportion  of  dm'  —  dm  to  d m'. 
Therefore  if  this  form  be  adopted,  and  a  be  made  about  Jtli 
oft,  it  will  not  exceed  \xh  of  P.  Therefore,  although  we 
may  produce  a  most  accurate  union  of  the  central  and  mar- 
ginal rays  by  opposite  aberrations,  there  will  be  a  consider- 
able aberration  of  some  rays  which  are  between  the  centre 
and  the  margin. 

It  is  absolutely  impossible  to  collect  into  one  point  the 
whole  rays  (though  the  very  -remotest  rays  are  united  with 
the  central  rays),  except  in  a  very  particular  case,  which  can- 
not obtain  in  an  object-glass;  and  the  small  quantities  which 
are  neglected  in  the  formula  which  we  have  given  for  the 
spherical  aberration,  produce  errors  which  do  not  follow  any 
proportion  of  the  aperture  which  can  be  expressed  by  an 
equation  of  a  manageable  form.  When  the  aperture  is  very 
large,  it  is  better  not  to  correct  the  aberration  for  the 
whole  aperture,  but  for  about  f  ths  of  it.     When  the  rays 
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corresponding  to  this  distance  ire  mute  to  coincide  with  the 
central  rays  by  menu  of  apposite  aberrations,  the  rays 
which  are  beyond  ibis  ^"*^tt*°  will  be  united  with  same  of 
those  which  ere  nearer  to  the  centre,  end  the  whole  diffu- 
sion will  be  considerably  diminished.  Dr  Smith  has  illus- 
trated this  in  a  very  perspicuous  manner  in  his  theory  of 
Catoptric  Microscope. 

But  although  we  cannot  adopt  this  form  of  an  objecU 
glass,  there  may  be  other  considerations  which  may  lead  ua 
to  prefer  some  particular  form  of  the  crown-glass,  or  of  the 

flint-glass.  We  shall  therefore  adapt  our  general  equation  -j 


—  —  —  — =  —  —  +  F.  —  0  to  this  condition. 

Therefore  let  h  express  this  selected  ratio  of  the  two  ra- 
dii of  the  crown-glass,  making  ■*-  as  h  (remembering  al- 
ways that  a  is  positive  and  o  negative  in  the  case  of  a  double 
convex,  and  A  is  a  negative  number.) 

With  this  condition  we  have  -v  —  — •      But  when  we 

b      a 

make  n  the  unit  of  our  formula  of  aberration,  -7-  = —  — 
b       a 

1.    Therefore  1  =  — —  A,  and  i-=_i_,     Nowsub- 


etitute  this  for  —  in  the  general  equation,  and  change  all 
the  signs  (which  still  preserves  it  =  0.),  and  we  obtain 

By  this  equation  we  are  to  find  — ,  or  the  radius  of  the 
anterior  surface  of  the  flint-glass.  The  equation  is  of  this 
form  p  x*  +-  y  x  +  r  =  0,  and  we  must  again  make  i  =  -" . 
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and  t  —  — .    Therefore  *  =  ~p-t  and  t  =  -g  x  f  -| — j- 

—  a*k)*  —  E).     Then,  finally, 

7=-i«*y*''-'- 

It  may  be  worth  while  to  take  a  particular  caae  of  this 
condition.  Suppose  the  crown-glass  to  be  of  equal  convex- 
ities on  both  sides.  This  has  some  advantages :  We  can 
tell  with  precision  whether  the  curvatures  are  precisely 
equal,  by  measuring  the  focal  distance  of  rays  reflected 
back  from  its  posterior  surface.  These  distances  will  be 
precisely  equal.  Now  it  is  of  the  utmost  importance  in  the 
construction  of  an  object-glass,  which  is  to  correct  the  sphe- 
rical aberration,  that  the  forms  be  precisely  such  as  are  re- 
quired by  our  formulas. 

In  this  case  of  a  lens  equally  convex  on  both  sides 

—  is  =  —   ,  ,  =  9  .     Substitute  this  value  for  —  m 

the  general  equation  — r  —  —  —  -t-j ,-  +  E  =  0, 

and  then  — r  =  —r- ;   —  becomes  -5-.     Now  change  all 
the  signs,  and  we  have  -™  +  — r  ■ —  E j-  +  -5-  =  0, 


by  which  we  are  to  find  a'.     This  in  numbers  is  — — —  — 

_- 0,586  _ 

1,880  '  =  °t3m' 


""*  '  =     1  860    ' =  ~ "'" **•    TheB  — l'=°.M33; 
J  i*  =  0,0ST4;  and  ViS"  — I  =  ±  0,69«  i  so  that  -L 

=  0,1933=1=0,6941.      This  gives   two  real  roots,   viz. 

0,8874,  and  —  0,5008!     If  we  take  the  first,  we  shall  have 
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•  convex  anterior  surface  for  the  flint-glut,  and  conse- 
quently a  very  deep  concave  for  the  posterior  surface.  We 
therefore  take  the  second  or  negative  root  —  0,6008. 

We  find  -jjj  as  before,  by  the  equation  —  =  -;-  +  u, 

=  0,1046V  which  will  give  a  large  value  of  b". 

We  had  —  =4 


and  —  is  the  same  as  in  the  former  case,  viz.  0,1603. 

Having  all  these  reciprocals,  we  may  And  «,M^i  and 
P;  and  then  dividing  them  by  P,  we  obtain  finally 

a  =       0,3206 

4  =  —  0,3206 

•*«-  0,3801 

fr=       1,533 

P=*  1. 
By  comparing  this  object-glass  with  the  former,  we  may 
remark,  that  iKmmiAing  a  a  little  increases  b,  and  in  this 
respect  improves  the  lens.  It  indeed  has  diminished  b>t  but 
this  being  already  considerable,  no  inconvenience  attends 
this  diminution.  But  we  learn,  at  the  same  time,  that  the 
advantage  must  be  very  small ;  for  we  cannot  diminish  a 
much  more,  without  making  it  as  small  as  the  smallest  ra- 
dius of  the  object-glass.  This  proportion  is  therefore  very 
near  the  maximum,  or  best  possible ;  and  we  know  that  in 
such  cases,  even  considerable  changes  in  the  radii  will  make 
but  small  changes  in  the  result :  for  these  reasons  we  are 
disposed  to  give  a  strong  preference  to  the  first  construc- 
tion, on  account  of  the  other  advantages  which  wet  show- 
ed to  attend  it. 

As  another  example,  we  may  take  a  case  which  is  very 
nearly  the  general  practice  of  the  London  artists.  The  ra- 
dius of  curvature  for  die  anterior  surface  of  the  < 
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crown-gUm  it  $ths  of  the  radius  of  die  posterior  surface,  so 
that  A  =  g .    This  being  introduced  into  the  determinate) 


a  =      0,8988  «f  =  —  0,8*48 

6  =  —  0,3636  ft  =       1,1474 

As  another  condition,  we  may  suppose  that  the  second 
or  flint-glass  is  of  a  determined  form. 

This  case  is  solved  much  in  the  same-  manner  as  the  for- 
mer. Taking  h  to  represent  the  ratio  of  a*  and  ft',  we  have 

a=s t-     This  value  being  substituted  in  the  general 

equation  -^ -  —  y, +  E  =  0,  gives  us  -^r 


:=*j!-T=T£!0,a    ™'«iMi 


the  final  equation  x1  +  tx+t  =  0,  *  =  -£-,  and  (  = -^- 

We  might  here  take  the  particular  case  of  the  flint-glass 
being  equally  concave  on  both  sides.     Then,  because  — - 

Q  1 

•=  —  u,  and  in  the  case  of  equal  concavities'  —  =  —fi  ■=* 

—  u,  it  is  sufficient  to  put  —  --  «  for  -,~.       This  being 

j          u            i_i.               A         B  C«  *      Dm        _ 
done,  the  equation  becomes r—  +  —s — r-  E 

„     —  •     ■               B         . ,        1       /4D«— 2Cu* 
=  0.    This  gives  j  =  —,  and  i  =  -—  x  I 5 

+  E). 

We  imagine  that  these  cases  are  sufficient  for  shewing 
the  management  of  the  general  equation  ;  and  the  example 

Vol.  III.  2  G 
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of  the  numerical  solution  of  the  first  cose  affords  ii 
of  the  only  niceties  which  occur  in  the  process,  viz.  the  pro- 
per employment  of  the  positive  and  negative  quantities. 

We  have  oftener  than  once  observed,  that  the  formula 
is  not  perfectly  accurate,  and  that  in  very  large  apertures 
errors  will  remain.  It  is  proper  therefore,  when  we  have 
obtained  the  form  of  a  compound  object-glass,  to  calculate 
'  trigonometrically  the  progress  of  the  light  through  it;  and 
if  we  find  a  considerable  aberration,  either  chromatic  or 
spherical,  remaining,  we  must  make  such  changes  in  the 
curvatures  as  will  correct  them.  We  have  done  this  for 
the  first  example ;  and  we  find,  that  if  the  focal  distance  of 
the  compound  object-glass  be  100  inches,  there  remains  of 
the  spherical  aberration  nearly  B'0th  of  an  inch,  and  the 
aberration  of  colour  is  over-corrected  above  Jth  of  an  inch. 
The  first  aberration  has  been  diminished  about  6  times,  and 
the  other  about  SO  times.  Both  of  the  remaining  errors 
will  be  diminished  by  increasing  the  radius  of  the  inner  sur- 
faces. This  will  diminish  the  aberration  of  the  crown- 
glass,  and  will  diminish  the  dispersion  of  the  flint  more 
than  that  of  the  crown.  But  indeed  the  remaining  error  is 
hardly  worth  our  notice. 

It  is  evident  to  any  person  conversant  with  optical  dis- 
cussions, that  we  shall  improve  the  correction  of  the  sphe- 
rical aberration  by  diminishing  the  refractions.  If  we  em- 
ploy two  lenses  for  producing  the  cotivergency  of  the  rays 
to  a  real  focus,  we  shall  reduce  the  aberration  to  £tb. 
Therefore  a  better  achromatic  glass  will  be  formed  of  three 
lenses,  two  of  which  are  convex  and  of  crown-glass.  The 
refraction  being  thus  divided  between  them,  the  aberrations 
are  lessened.  There  is  no  occasion  to  employ  two  concave 
lenses  of  flint-glass ;  there  is  even  an  advantage  in  using 
one.  The  aberration  being  considerable,  less  of  it  will 
serve  for  correcting  the  aberration  of  the  crown-glass,  and 
therefore  such  a  form  may  be  selected  as  has  little  aberra- 
tion.   Some  light  is  indeed'  lost  by  these  two  additional 

Digitized  bvG00g[e 


TXUBCOtt.  407 

surfaces ;  but  this  is  much  more  than  compensated  by  the 
greater  apertures  which  we  can  venture  to  give  when  the 
curvature  of  the  surface  is  bo  much  diminished.  We  pro- 
ceed therefore  to 


The  Construction  <tfa  Triple  Achromatic  ObjeeUGlats. 

It  is  plain  that  there  are  more  conditions  to  be  assumed 
before  we  can  render  this  a  determinate  problem,  and  that 
the  investigation  must  be  more  intricate.  At  the  same 
time,  it  must  give  us  a  much  greater  variety  of  construc- 
tions, in  consequence  of  our  having  more  conditions  neces- 
sary for  giving  the  equation  this  determinate  form.  Our 
limits  will  not  allow  us  to  give  a  full  account  of  all  that 
may  be  done  in  this  method.  We  shall  therefore  content 
ourselves  with  giving  one  case,  which  will  sufficiently. point 
out  the  method  of  proceeding.  We  shall  then  give  the  re- 
sults in  some  other  eligible  cases,  as  rules  to  artists  by  which 
they  may  construct  such  glasses.     . 

Let  the  first  and  second  glasses  be  of  equal  curvatures  oa 
both  sides ;  the  first  being  a  double  convex  of  crown-glass, 
and  the  second  a  double  concave  of  flint-glass. 

Still  making  n  the,  unit  of  our  calculus,  we  have  in  the 

first  place  a  =  —  b,  =  —  dt  =  #.     Therefore  — — j- 

=  -(!>),  „1=  -1  =  -1.      TWb* 
\a        0/         n'  n 

.                   dm      dm'     dm''       _  .  _ 

the  equation 1-  —r~  H —  =  0  becomes  u  —  1  + 


Wehave  —  =  m  — 1;  ~~  —  (m1 —  1);  ~  —  * 
p  p-  p» 

{m-Vi  ±-  =  j+y+p\r>=M-m'  +  it{m-l). 


MB  TSLEieorx. 

And  if  we  make  m'—  m  =  C',  we  shall  have  -^-  =  ■— 

C  +  tS(m  —  1).     Al«>i  =  i»  — l;i  =m  — 1  — 

0»— 1),  =  «  — m/,  =  — C. 

The  equality  of  the  two  curvatures  of  each  lens  gives  — 

1         m._s_    I  '  Ill 

— jj,     Therrfbr.- -^---.-.j^-; 

Substituting  these  values  in  the  general  equation,  we  ob- 
tain three  formula;, 

g.   — rfS  +  ^BW  +  l)— ^±*  +  (8«'+l)  («*— 1) 
gQn'+l)  (m-1)      (8 »+»)(!>.— 1)' 

,.  ../■*-•«'<»-+ 'V-gfe+fl-...!. 

a*  '         m  a'* 


ma" 

Now  arrange  these  quantities  according  as  they  are  co- 
efficient* of  —  ;■  and  of  -  ,  or  independent  quantities. 


the  independent  quantity  be  C,  we  have 

and  C  -  t  »•  +  £i^t2  +  J  (S  »  +  1)  +  (3  w  +  1) 
(»-!)  +  .»-.■+   "'"'V-.+  V  -,C(3„  +  1) 
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the  coefficients,  is  — -j— 
ar* 

This,  divided  by  1,812,  gives  *  =  —  0,98;  and  t^~ 

0,2482;  —  4*=0,46;  J  «*=  0,2116;  and  VJ7=7 

=  =±=  0,6781. 

And,  finally,  ~  =>  0,46  ±  0,6781. 

This  has  two  roots,  viz.  0,2181  and  —  1,1381.  The 
last  would  pre  a  very  small  radius,  and  is  therefore  re- 
jected. 

Now,  proceeding  with  this  value  of  — r  and  the  — ,  we 

get  the  other  radius  J",  and  then,  by  means  of  to,  we  get 
the  other  radius,  which  is  common  to  the  four  surfaces. 

Then,  by-=-  =  —, —  d,  we  get  the  value  of  P. 

The  radii  being  all  on  the  scale  of  which  n  is  the  unit, 
they  must  be  divided  by  P  to  obtain  their  value  on  the 
scale  which  has  P  for  its  unit     This  will  give  us 
a  =  —  bt  =  —  a',  =  V,  =  0,S30 
o"=  1,215 

b»  =  —  0,S046 

P=  1. 

This  is  not  a  very  good  form,  because  the  last  surface 
has  too  great  curvature. 

We  thought  it  worth  while  to  compute  the  curvatures 
for  a  case  where  the  internal  surfaces  of  the  lenses  coincide, 
in  order  to  obtain  the  advantages  mentioned  on  a  former 
occasion.     The  form  is  as  follows : 
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Tbe  middle  tens  is  a  double  concave  of  flint-glass ;  the 
last  lens  is  of  crown-glass,  and  has  equal  curvatures  on  both 
side*.  The  following  table  contains  the  dimensions  of  tbe 
glasses  for  a  variety  of  focal  distances.  The  first  column 
contains  the  focal  distances  in  inches ;  the  second  contains 
the  radii  of  tbe  first  surface  in  inches  ;■  *he  third  contains 
the  radii  of  the  posterior  surface  of  tbe  first  lens  and  inte- 
rior surface  of  the  second ;  and  the  fourth  column  has  the 
.radii  of  the  three  remaining  surfaces. 


p 

a 

t,d 

n,°;v 

12 

9,25 

6,17 

12,76 

24 

18,33 

12,25 

25,5 

36 

27,33 

18,29 

38,17 

48 

36,4! 

24,88 

50,92 

60 

45,42 

30,38 

68,58 

72 

54,5 

86,42 

76,33 

84 

63,5 

42,5 

89, 

96 

72,6 

48,0 

101,75 

106 

81,7 

54,58 

114,42 

1X0 

90,7 

60,58 

127,17 

We  have  had  an  opportunity  of  trying  glasses  of  this 
construction,  and  found  them  equal  to  any  of  the  same 
length,  although  executed  by  an  artist  by  no  means  excel- 
lent in  his  profession  as  a  glass-grinder.  This  very  circum- 
stance gave  us  the  opportunity  of  seeing  the  good,  effects  of 
interposing  a  transparent  substance  between  the  glasses. 
We  put  some  clear  turpentine  varnish  between  them,  which 
completely  prevented  all  reflection  from  the  internal  sur- 
faces. Accordingly,  these  telescopes  were  surprisingly 
bright;  and  although  the  roughness  left  by  the  first  grind- 
ing was  very  perceptible  by  the  naked  eye  before  the  glasses 
were  put  together,  yet  when  joined  in  this  manner  it  entire- 
ly disappeared,  even  when  the  glasses  were  viewed  with  a 
deep  magnifier. 

The  aperture  of  an  object-glass  of  this  construction  of  30 
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inches  focal  distance  was  8$th  inches,  which  is  considerably 
more  than  any  of  Mr  DolloncTs  that  we  have  seen. 

If  we  should  think  it  of  advantage  to  make  all  the  three 
lenses  isosceles,  that  is,  equally  curved  on  both  surfaces,  the 
general  equation  will  give  the  following  radii : 
a  =  +  0,639  a'  =  —  0^5285  a-  =  +  0,6418 
b  =  —  0,639  b1  =  +  0,5285  A»  =.  —  0,6413 
This  seems  a  good  form,  having  large  radu. . 

Should  we  choose  to  have  the  two  crown-glasa  lenses 
isosceles  and  equal,  we  must  make 
a  =  +  0,6412         or  =  —  0,5227       a"  =  +  0,6412 
i  =  —  0,6412        4'  =  +  0,5367       &'  =  —  0,6412 
This  form  hardly  differs  from  the  last 

Our  readers  will  recollect' that  all  these  forms  proceed  on 
certain  measures  of  the  refractive  and  dispersive  powers  of 
the  substances  employed,  which  are  expressed  by  m,  m',  d  m 
and  dm :  and  we  may  be  assured  that  the  formula;  are  suffi- 
ciently exact,  by.  the  comparison  (which  we  have  made  in 
one  of  the  cases)  of  the  result  of  the  formula  and  the  trigo- 
nometrical calculation  of  the  progress  of  the  rays.  -  The  er- 
ror was  but  Jj'jth  of  the  whole,  ten  times  less  than  another 
error,  which  unavoidably  remains,  and  will  be  considered 
presently.  These  measures  of  refraction  and  dispersion 
were  carefully  taken ;  but  there  .is  great  "diversity,  particu- 
larly in  the  flint-glass.  We  are  well  informed  that  the 
manufacture  of  this  article  has  considerably  changed  of  late 
yean,  and  that  it  is  in  general  less  refractive  and  less  dis- 
persive than  formerly.  This  must  evidently  make  a  change 
in  the  forms  of  achromatic  glasses.  The  proportion  of  the 
focal  distance  of  the  crown-glasses  to  that  of  the  flint  must 
be  increased,  and  this  will  occasion  a  change  in  the  curva- 
tures, which  shall  correct  the  spherical  aberration.  We  ex- 
amined with  great  care  a  parcel  of  flint-glass  which  an  art- 
ist of  this  city  got  lately  for  the  purpose  of  making  achro- 
matic object-glasses,  and  also  some  very  white  crown-glass 
made  in  Leith,  and  we  obtained  the  following  measures : 
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»  =  1,578  (int      819         ' 

We  computed  some  forma  for  triple,  abject-glasses  made 
of  then  glasses,  which  we  shall  subjoin  as  a  specimen  of  the 
variations  which  this  change  of  data  will  occasion. 
If  aQ  the  three  lenses  ate  made  isosceles,  we  have 
a=  + 0,706       a^— 0,474       a"  =  +  0,503 
"  b  =  —  0,796        d-  =  +  0,474        b"  =  —  0*502 

Or 
a  a       0,504  #  ==  —  0,475  •*  =  +  0,793 

i^-  0,504  i'=      0,475.         £"  =  —  0,793 

If  the  middle  leas  be  isosceles,  the  two  crown-glass  lenses 
out  be  made  of  the  same  form  and  focal  distance,  and 
placed  the  same  way.     This  will  give  us 
a  =  +  0,705  d  »  —  0,475  of  =  +  0,706 

&  =  —  0,547         •'=+0,475         5"  =  —0,547 
N.  B. — This  construction  allows  a  much  better  form,  if 
the  measures  of  refraction  and  dispersion  are  the  same  that 
we  used  formerly.     For  we  shall  hare   ' 

a  =  +  0,628        *  =  —  0,579        a"  =  +.  0,628 

i=  — 0,749        *'=  + 0,579        ©"  =  —  0,749 

And  this  is  pretty  near  the  practice  of  the  London  opti- 


We  may  here  observe,  upon  the  whole,  that  an  a 
has  little  chance  of  succeeding  in  these  attempts.  The  di- 
versity of  glasses,  and  the  uncertainty  of  the  workman's 
producing  the  very  curvatures  which  he  intends,  is  so  great, 
that  tlie  object-glass  turns  out  different  from  our  expecta- 
tion. The  artist  who  makes  great  numbers  acquires  a  pretty 
certain  guess  at  the  remaining  error;  and  having  many 
lenses,  intended  to  be  of  one  form,  but  unavoidably  differ- 
ing a  little  from  it,  he  tries  several  of  them  with  the  other 
two,  and  finding  one  better  than  the  rest,  he  makes  use  of 
it  to  complete  the  set 

The  great  difficulty  in  the  construction  is  to  find  the  ex- 
act proportion  of  the  dispersive  powers  of  the  crown  and 
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runt  glass.  The  crown  is  pretty  constant;  but  there  is 
hardly  two  pots  of  flint-glass  which  have  the  same  dispersive 
power.  Even  if  constant,  it  is  difficult  to  measure  it  accu- 
rately ;  and  an  error  in  this  greatly  affects  the  instrument, 
because  the  focal  distances  of  the  lenses  must  be  nearly  as 
their  dispersive  powers.  The  method  of  examining  this 
circumstance,  which  we  found  most  accurate,  was  as  fol- 
lows: 

The  sun's  light,  or  that  of  a  brilliant  lamp,  passed  through 
a  small  bole  in  a  board,  and  fell  on  another  board  pierced 
also  with  a  small  bole.  Behind  this  was  placed  a  fine  prism 
A  (Fig.  Id.),  which  formed  a  spectrum  ROV  on  a  screen 
pierced  with  a  small  hole.  Behind  this  was  placed  a  prism 
B  of  the  substance  under  examination.  The  ray  which  was 
refracted  by  it  foil  on  the  wall  at  D,  and  the  distance  of  its 
illumination  from  that  point  to  C,  on  which  an  unrefracted 
my  would  have  fallen,  was  carefully  measured.  This  show- 
ed the  refraction  of  that  colour.  Then,  in  order  that  we 
might  be  certain  that  we  always  compared  the  refraction  of 
the  same  precise  colour  by  the  different  prisms  placed  at 
B,  we  marked  the  precise  position  of  the  prism  A  when 
the  ray  of  a  particular  colour  fell  en  the  prism  B.  This 
was  done  by  an  index  AG  attached  to  A,  and  turning  with 
it,  when  we  caused  the  different  colours  of  the  spectrum 
formed  by  A  to  fall  on  B.  Having  examined  one  prism  B 
with  respect  to  all  the  colours  in  the  spectrum  formed  by 
A,  we  put  another  B  in  its  place.  Then  bringing  A  to  all 
its  former  positions  successively,  by  means  of  a  graduated 
arch  HGK,  we  were  certain  that  when  the  index  was  at  the 
same  division  of  the  arch  it  was  the  very  ray  which  had 
been  made  to  pass  through  the  first  prism  B  in  a  former 
experiment.  We  did  not  solicitously  endeavour  to  find  the 
very  extreme  red  and  violet  rays ;  because,  although  we  did 
not  learn  the  whole  dispersions  of  the  two  prisms,  we  learn- 
ed their  proportions,  which  is  the  circumstance  wanted  in 
the  construction  of  achromatic  glasses.    It  is  in  vain  to 
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attempt  this  by  measuring  the  spectrume  themselves ;  for 
we  cannot  be  certain  of  selecting  the  very  same  colours  for 
'the  comparison,  because  they  succeed  in  an  insensible  gra- 
dation. 

The  intelligent  reader  will  readily  observe,  that  we  have 
hitherto  proceeded  on  the  supposition,  that  whan,  by  means 
of  contrary  refractions,  we  have  united  the  extreme  red  and 
violet  rays,  we  have  also  united  all  the  others.  But  this  is 
quite  gratuitous.  Sir  Isaac  Newton  would,  however,  have 
made  the  same  supposition  ;  for  he  imagined  that  the  differ- 
ent, colours  divided  the  spectrum  formed  by  all  substances 
in  the  proportions  of  a  musical  canon.  This  is  a  miatplr?. 
When  a  spectrum  is  formed  by  a. prism  of  crown-glass,  and 
another  of  precisely  the  same  length  is  formed  by  the  side  of 
it  by  a  prism  of  flint-glass,  the  confine  between  the  green 
and-blue  will  be  found  precisely  in  the  middle  of  the  first 
spectrum,  but  in  the  second  it  will  be  considerably  nearer 
to  the  red  extremity.  In  short,  different  substances  do  not 
disperse  the  colours  in  the  same  proportion. 

The  effect  of  this  irrationality  (so  to  call  it)  of  dispersion, 
will  appear  plainly,  we  hope,  in  the  following  manner :  Let 
A  (Fig.  12.)  represent  a  spot  of  white  solar  light  falling 
perpendicularly  on  a  walL  Suppose  a  prism  of  common 
glass  placed  behind  the  hole  through  which  the  light  is  ad- 
mitted, with  its  refracting  angle  facing  the  left  band.  It 
will  refract  the  beam  of  light  to  the  right,  and  will  at  the 
same  time  disperse  this  heterogeneous  light  into  its  compo- 
nent rays,  carrying  the  extreme  red  ray  from  A  to  R,  the 
extreme  orange  from  A  .to  O,  the  extreme  yellow  from  A 
to  Y,  &c.  and  will  form  the  usual  prismatic  spectrum 
ROYGBPVC.  If  the  whole  length  RC  be  divided  into 
1000  parts,  we  shall  have  (when  the  whole  refraction  Aft 
is  small)  BO  very  nearly  120,  RY=S00,  KG=>8S,  RR= 
500,  RP=667,  RV=776,  and  RC=1000 ;  this  being  the 
proportion  observefl  in  the  differences  of  the  Bines  of  refrac- 
tion by  Sir  Isaac  Newton. 

1 
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Perhaps  a  refracting  medium  may  be  found  such,  that  a 
prism  made -of  it  would  refract  the  white  -light  from  A',  in 
the.upper  line  of  this  figure)  in  such  a  manner  that  a  spec- 
trum ROY'GB'P'VC  shall  be  formed  at  the  same  dis- 
tance from  A',  and  of  the  same  length,  but  divided  in  a  dif- 
famat  'proportion.  We  do  not  know  ithat  such  a  medium 
has  been  found ;  but  we  know  that  a  prism  of  flint-glass 
has  its  refractive  and  dispersive  powers  so  constituted,  that 
if  AH'  be  taken  about  jd  of  AR,  a  spot  of  white  light, 
formed  by  rays  falling  perpendicularly  at  H',  will  be  so  re- 
fracted and  dispersed,  that  the  extreme  red  ray  will  be  car- 
ried from  H'  to  R',  and  the  extreme  violet  from  II'  to  O, 
and  the  intermediate  colours  to  intermediate  points,  forming 
a  spectrum  resembling  the  other,  but  having  the  colours 
more  constipated  towards  R',  and  more  dilated  towards  C ; 
so  that  the  ray  which  the  common  glass  carried  to  the 
middle  point  B  of  the  spectrum  RC  is  now  in  a  point  B'  of 
the  spectrum  R'C,  considerably  nearer  to  R'. 

Dr  Blair  has  found,  on  the  other  hand,  that  certain  fluids, 
particularly  such  as  contain  the  muriatic  acid,  when  formed 
into  a  prism,  will  refract  the  light  from  H"  (in  the  lower 
line)  so  as  to  form  a  spectrum  B,"C"  equal  to  RC,  and  as 
far  removed  from  A"  as  RC  is  from  A,  but  having  the  co- 
lours more  dilated  toward  R",  and  more  constipated  toward 
C,  than  is  observed  in  RC  ;  so  that  the  ray  which  was  car- 
ried by  the  prism  of  common  glass  to  the  middle  point  B  is 
carried  to  a  point  B",  considerably  nearer  to  C". 

Let  us  now  suppose  that,  instead  of  a  white  spot  at  A, 
we  have  a  prismatic  spectrum  AB  (Fig.  13.),  and  that  the 
prism  of  common  glass  is  applied  as  before,  immediately  be- 
hind the  prism  which  forms  the  spectrum  AB.  We  know 
that  this  will  be  refracted  sidewise,  and  will  make  a  spec- 
trum ROYGBPC,  inclined  to  the  plane  of  refraction  in  an 
angle  of  46°;  so  that  drawing  the  perpendicular  <RC,  we 
have  RC'stf  C. 

We  also  know- that  the  prism  of  flint-glass  would  refract 
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the  spectrum  famed  by  lie  fir*  prism  on  EHF,  in  audi  t 
raanner  that  the  red  ray  will  go  to  B,  the  violet  to  C,  and 
the  intermediate  rays  to  points  o,  y,  gy  b,  p,  9,  to  atnated 
that  Oois  =  R'O'  of  the  other  figure;  Y  y  is  =  B'Y'  of 
that  figure,  G  £•=»'&,  &c  These  points  mast  there- 
fore lie  in  a  curve  Roygbpv  C,  which is convex  toward 
the  axil  K'C.< 

In  like  manner  we  may  be  aanired  that  Dr  BhaVi  Bind 
will  form  a  spectrum  B  o'y'g'  H  p',  •&  C,  concave  toward 
BC 

Let  it  be  observed  by  the  way,  that  this  is  a  Ttry  good 
method  for  discovering  whether  a  medium  disperses  the  light 
in  tha  same  proportion  with  the  prism  which  is  employed 
for  forming  the  firat  spectrum  AB  or  EF.  It  disperses  in 
the  same  or  in  a  different  proportion,  according  as  the  ob- 
lique spectrum  is  straight  or  crooked ;  and  the  exact  pro- 
portion corresponding  to  each  colour  is  had  by  measuring 
the  ordinates  of  the  curves  B  b  C  or  B  ft'  C. 

Having  formed  the  oblique  spectrum  BBC  by  a  prism 
of  common  glass,  we  know  that  an  equal  prism  of  the  same 
glass,  placed  in  a  contrary  position,  wil)  bring  back  all  the 
rays  from  the  spectrum  BBC  to  the  spectrum  AB,  laying 
each  colour  on  its  former  place. 

In  like  manner,  having  formed  the  oblique  spectrum 
B  'b  C  by  a  prism  of  flint-glass,  we  know  that  another  prism 
of  flint-glass,  placed  in  the  opposite  direction,  will  bring  all 
the  rays  back  to  the  spectrum  EHF. 

But  having  formed  the  oblique  spectrum  BBC  by  a 
prism  of  common  glass,  if  we  place  the  flint-glass  prism 
in  the  contrary  position,  it  will  bring  the  colour  B  back 
to  E,  and  the  colour  C  top;  but  it  will  not  bring  the 
colour  B  to  H,  but  to  a  point  A,  such  that  B  A  is  equal 
to  b  H,  and  6  B  to  h  H.  In  like  manner,  the  other  co- 
lours will  not  be  brought  back  to  the  straight  line  EHF, 
but  to  a  curve  E  A  F,  forming  a  crooked  spectrum. 

In  like  manner,  the  fluids  discovered  by  Dr  Blair,  when 
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employed  to  bring  back  the  oblique  spectrum  BBC  formed 
by  common  glass,  will  bring  its  extremities  back  to  E  and 
F,  and  form  the  crooked  spectrum  E&'f  lying  beyond 
EHF. 

This  experiment  evidently  gives  us  another  method  for 
f^flwaining  the  proportionality  of  the  dispersion  of  different 


Having,  by  common  glass,  brought  back  the  oblique 
spectrum  formed  by  common  glass  to  its  natural  place 
AB,  suppose  the  original  spectrum  at  AB  to  contract  gra- 
dually (as  Newton  has  made  it  do  by  means  of  a  lens), 
it  is  plain  that  the  oblique  spectrum  will  also  contract, 
and  so  will  the  second  spectrum  at  A  B ;  and  it  will  at 
last  coalesce  into  a  white  spot.  The  effect  will  be  equi- 
valent to  a  gradual  compression  of  the  whole  figure,  by 
which  the  parallel  lines  AR  and  BC  gradually  approach, 
and  at  last  unite. 

In  like  manner,  when  the  oblique  spectrum  formed  by 
flint-glass  is  brought  back  to  EHF  by  a  flint-glass  prism, 
and  the  figure  compressed  in  the  same  gradual  manner,  all 
the  colours  will  coalesce  into  a  white  spot 

But  when  flint-glass  is  employed  to  bring  back  the  ob- 
lique spectrum  formed  by  common  glass,  it  forms  the 
crooked  spectrum  E  h  F.  Now  let  the  figure  be  compress- 
ad.  The  curve  E  h  F  will  be  doubled  down  on  the  line 
H  h,  and  there  will  be  formed  a  compound  spectrum  H  A, 
quite  unlike  the  common  spectrum,  being  purple  or  claret 
coloured  at  H  by  the  mixture  of  the  extreme  red  and  violet, 
and  green  edged  with  blue  at  A  by  the  mixture  of  the  green 
and  blue.  The  fluid  prisms  would  in  like  manner  form  a 
spectrum  of  the  same  kind  on  the  other  side  of  H. 

This  is  precisely  what  is  observed  in  achromatic  object- 
glasses  made  of  crown-glass  and  flint :  for  the  refraction 
from  A  to  R  corresponds  to  the  refraction  of  the  convex 
crown-glass ;  and  the  contrary  refraction  from  B,  to  E  cor- 
responds to  the  contrary  refraction  of  the  concave  flint- 
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glass,  which  still  leaves  a  part  of  the  first  refraction,  pro- 
ducing a  convergence  to  the  axis  of  the  telescope.  It  is 
found  to  give  a  purple  or  wine-coloured  focus,  and  -within 
this  a  green  one,  and  between  these  an  imperfect  white. 
Dr  Blair  found,  that  when  the  eye-glass  was  drawn  out  be- 
yond its  proper  distance,  a  star  was  surrounded  by  a  green 
fringe,  by  the  green  end  of  the  spectrum,  which  crossed 
each  other  within  the  focus ;  and  when  the  eye-glass  was 
too  near  the  object-glass,  the  star  had  a  wine-coloured 
fringe.  The  green  rays  were  ultimately  most  refracted. 
-  N.  B.  We  should  expect  the  fringe  to  be  of  a  blue  colour 
rather  than  a  green.  But  this  is  easily  explained :  The 
extreme  violet  rays  are  very  faint,  bo  as  hardly  to  be  sen- 
sible ;  therefore  when  a  compound  glass  is  made  as  achro- 
matic as  possible  to  our  senses,  in  all  probability  (nay  cer- 
tainly) these  almost  insensible  violet  rays  are  left  out,  and 
perhaps  the  extreme  colours  which  are  united  are  the  red 
and  the  middle  violet  rays.  This  makes  the  green  to  be 
the  mean  ray,'  and  therefore  the  most  outstanding  when  the 
dispersions  are  not  proportional. 

Dr  Blair  very  properly  calls  these  spectrums,  H  h  and 
H  fv,  secondary  spectrum*,  and  seems  to  think  that  he  is 
the  first  who  has  taken  notice  of  them.  But  Mr  Clairanlt 
was  too  accurate  a  mathematician,  and  too  careful  an  ob- 
server, not  to  be  aware  of  a  circumstance  which  was  of 
primary  consequence  to  the  whole  inquiry.  He  could  not 
but  observe  that  the  success  rested  on  this  very  particular, 
and  that  the  proportionality  of  dispersion  was  indispensably 
necessary. 

This  subject  was  therefore  touched  on  by  Clairault;  and 
fully  discussed  by  Boscovich,  first  in  his  Dissertations  pub- 
lished at  Vienna  in  1759 ;  then  in  the  Comment.  Bononi- 
mtii ;  and,  lastly,  in  his  Opuscula,  published  in  1786. 
Dr  Blair,  in  his  ingenious  Dissertation  tin  Achromatic 
Glasses,  read  to  the  Royal  Society  of  Edinburgh  in  1793, 
seems  not  to  have  known  of  the  labours  of  these  writers;. 
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speaks  of  it  as  a  new  discovery ;  and  exhibits  some  of  the 
consequences  of  this  principle  in  a  singular  point  of  view, 
as  something  very  paradoxical  and  inconsistent  with  the 
usually  received  notions  on  these  subjects.  But  they  are 
.  by  no  means  so.  We  are,  however,  much  indebted  to  his 
ingenious  researches,  and  his  successful  endeavours  to  find 
some  remedy  for  this  imperfection  of  achromatic  glasses. 
Some  of  his  contrivances  are  exceedingly  ingenious ;  but 
had  the  Doctor  consulted  these  writers,  he  would  have 
saved  himself  a  good  deal  of  trouble. 

Boscovich  shows  how  to  unite  the  two  extremes  with  the 
most  outstanding  colour  of  the  secondary  spectrum,  by 
means  of  a  third  substance.  When'  we  have  done  this,  the 
aberration  occasioned  by  the  secondary  spectrams  must  be 
prodigiously  diminished ;  for  it  is  evidently  equivalent  to 
the  union  of  the  points  H  and  A  of  our  figure.  Whatever 
cause  produces  this  must  diminish  tije  curvature  of  the 
arches  E  A  and  A  F :  but  even  if  these  curvatures  were  not 
diminished,  their  greatest  ordinates  cannot  exceed  Jth  of 
HA,-  and  we  may  say,  without  hesitation,  that  by  uniting 
the  mean  or  most  outstanding  ray  with  the  two  extremes, 
the  remaining  dispersion-will  be  as  much  less  than  the  un- 
corrected colour  of  Dollond's  achromatic  glass,  as  this  is 
less  than  four  times  the  dispersion  of  a  common  object- 
glass.     It  must  therefore  be  altogether  insensible. 

Boscovich  asserts,  that  it  is  not  possible  to  unite  more 
than  two  colours  by  the  opposite  refraction  of  two  sub- 
stances, which  do  not  disperse  the  light  in  the  same  propor- 
tions. Dr  Blair  makes  light  of  this  assertion,  as  he  finds  it 
made  in  general  terms  in  the  extract  made  by  Priestley 
from  Boscovich'  in  his  Essay  on  the  History  of  Optics ;  but 
had  he  read  this  author  in  his  own  dissertations,  he  would 
have  seen  that  be  was  perfectly  right  Dr  Blair,  however, 
has  hit  on  a  very*  ingenious  and  effectual  method  of  pro- 
ducing this  union  of  three  colours.  In  the  same  way  as 
we  correct  the  dispersion  of  a  concave  tens  of  crown-glass 
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by  the  opposite  dispersion  of  a  concave  lens  of  flint-glass, 
we  mar  correct  the  secondary  dispersion  of  an  achromatic 
convex  lens  by  the  opposite  secondary  dispersion  of  an 
achromatic  concave  lens.  But  the  intelligent  reader  will 
observe,  that  this  union  does  not  contradict  the  assertion  of 
Boscovkh,  because  it  is  necessarily  produced  by  means  of 
three  refracting  substances. 

The  most  essential  service  which  the  public  has  received 
at  the  hands  of  Dr  Blair  is  the  discovery  of  fluid  mediums 
of  a  proper  dispersive  power.  By  composing  the  lenses  of 
such  substances,  we  are  at  once  freed  from  the  irregularities 
in  the  refraction  and  dispersion  of  flint-glass,  which  the 
chemists  have  not  been  able  to  free  it  from.  In  whatever 
way  this  glass  is  made,  it  consists  of  parts  which  differ  both 
in  refractive  and  dispersive  power;  and  when  taken  up 
from  the  pot,  these  parts  mix  in  threads,  which  may  be 
disseminated  through  the  mass  in  any  degree  jof  fineness. 
But  they  still  retain  their  properties ;  and  when  a  piece  of 
flint-glass  has  been  formed  into  a  lens,  the  eye,  placed  in  its 
focus,  sees  the  whole  surface  occupied  by  glistening  threads 
or  broader  veins  running  across  it  Great  rewards  have 
been  offered  for  removing  this  defect,  but  hitherto  to  no 
purpose.  We  beg  leave  to  propose  the  following  method  s 
•  Let  the  glass  be  reduced  to  powder,  and  then  melted  with 
a  great  proportion  of  alkaline  salt,  so  as  to  make  a  liquor 
ailicuin.  When  precipitated  from  this  by  an  acid,  it  must 
be  in  a  state  of  very  uniform  composition.  If  again  melted 
into  glass,  we  should  hope  that  it  would  be  free  from  this 
defect ;  if  not,  the  case  seems  to  be  desperate. 

But  by  using  a  fluid  medium,  Dr  Blair  was  freed  from 
all  this  embarrassment ;  and  he  acquired  another  iiwmMMP 
advantage,  that  of  adjusting  at  pleasure  both  the  refractive 
and  dispersive  powers  of  his  lenses.  In  solid  lenses,  we  do 
not  know  whether  we  have  taken  the  curvatures  suited  to 
the  refractions  till  our  glass  is  finished ;  and  if  we  have  mis- 
taken the  proportions,  all  our  labour  is  lost     But  when 
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fluids  are  used,  it  is  enough  that  we  know  nearly  the  re- 
fractions. .  We  suit  our  focal  distances  to  these,  and  then 
select  our  curvatures,  so  as  to  remove  the  aberration  of 
figure,  preserving  the  focal  distances.  Thus,  by  properly 
tempering  the  fluid  mediums,  we  bring  the  lens  to  agree 
precisely  with  the  theory,  perfectly  achromatic,  and  the 
aberration  of  figure  as  much  corrected  as  is  possible. 

Dr  Blair  examined  the  refractive  and  dispersive  powers 
«f  a  great  variety  of  substances,  and  found  great  varieties 
in  their  actions  on  the  different  colours.*  This  is  indeed 
what  every  well-informed  naturalist  would  expect.  There 
is  no  doubt  now  among  naturalists  about  the  mechanical 
connexion  of  the  phenomena  of  nature ;  and  all  are  agreed 
that  the  chemical  actions  of  the  particles  of  matter  are  per- 
fectly like  in  kind  to  the  action  of  gravitating  bodies ;  that 
alt  these  phenomena  are  the  effects  of  forces  like  those 
which  we  call  attractions  and  repulsions,  and  which  we  ob- 
serve in  magnets  and  electrified  bodies ;  that  light  is  re- 
tracted by  forces  of  the  same  kind,  but  differing  chiefly  in 
the  small  extent  of  their  sphere  of  activity.  One  who  views 
things  in  this  way  will  expect,  that  as  the  actions  of  the 
same  acid  for  the  different  alkalis  are  different  in  degree, 
and  as  the  different  acids  have  also  different  actions  on  the 
same  alkali,  in  like  manner  different  substances  differ  in 
their  general  refractive  powers,  and  also  in  the  proportion 
of  their  action  on  the  different  colours.  Nothing  is  more 
unlikely  therefore  than  the  proportional  dispersion  of  the 
different  colours  by  different  substances ;  and  it  is  surpris- 
ing that  this  inquiry  has  been  so  long  delayed. '  It  is 
hoped  that  Dr  Blair  will  oblige  the  public  with  an  account 
of  the  experiments  which  he  has  made.     This  will  enable 


"  A  very  full  serin  of  experiments  on  this  subject  will  be  found 
in  Dr  Brewster'*  Treatise  on  new  Philosophical  Instruments,  p.  SIS, 
■nd  in  the  Edinburgh  Transaction*,  vol.  VIII.  p.  1. 
Vol.111.  SH 
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others  to  co-operate  in  the  improvement  ef  achromatic 
glasses.  We  cannot  derive  much  knowledge  from  what 
he  has  already  published,  because  it  was  chiefly  with  the 
intention  of  giving  a  popular,  though  not  an  accurate  view 
of  the  subject.  The  constructions  which  are  there  men- 
tioned are  not  those  which  he  found  most  effectual,  but 
those  which  would  be  most  easily  understood,  or  demon- 
strated by  the  slight  theory  which  is  contained  in  the  dis- 
sertation ;  besides,  the  manner  of  expressing  the  difference 
of  refrangibility,  perhaps  chosen  for  its  paradoxical  appear- 
ance, does  not  give  us  a  clear  notion  of  the  characteristic 
differences  of  the  substances  examined.  Those  rays  which 
are  ultimately  most  deflected  from  their  direction,  are  said 
to  have  become  the  most  refrangible  by  the  combination  of 
different  substances,  although,  in  all  the  particular  refrac- 
tions by  which  this  effect  is  produced,  they  are  less  refract- 
ed than  the  violet  light.  We  can  just  gather  this  much, 
that  common  glass  disperses  the  rays  in  such  a  manner, 
that  the  ray  which  is  in  the  confine  of  the  green  and  blue 
occupies  the  middle  of  the  prismatic  spectrum ;  but  in 
glasses,  and  many  other  substances,  which  are  more  disper- 
sive, this  ray  is  nearer  to  the  ruddy  extremity  of  the  spec- 
trum. While  therefore  the  straight  line  RC  (Fig.  13.) 
terminates  the  ordinates  O  o',  YY',  Gg?,  Etc.  which  repre- 
sent the  dispersion  of  common  glass,  the  ordinates  which 
express  the  dispersions  of  these  substances  are  terminated 
by  a  curve  passing  through  R  and  C,  but  lying  below  the 
line  RC'.  When  therefore  parallel  heterogeneous  light  is 
made  to  converge  to  the  axis  of  a  convex  lens  of  common 
glass,  as  happens  at  F  in  Fig.  8.  the  light  is  dispersed, 
and  the  violet  rays  have  a  shorter  focal  distance.  If  we 
now  apply  a  concave  lens  of  greater  dispersive  power,  the 
red  and  violet  rays  are  brought  to  one  focus  F' ;  but  the 
green  rays,  not  being  so  much  refracted  away  from  F,  are 
left  behind  at  ?,  and  have  now  a  shorter  focal  distance. 
But  Dr  Blair  afterwards  found  that  this  was  not  the  case 
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with  the  muriatic  acid,  and  some  solutions  in  it.  He  found 
that  the  ray  which  common  glass  caused  to  occupy  the 
middle  of  the  spectrum  was  much  nearer  to  the  blue  «!■ 
tremity  when  refracted  by  these  fluids.  Therefore  a  con- 
care  lens  formed  of  such  fluids  which  united  the  red  and 
violet  rays  in  F',  refracted  the  green  rays  to/'. 

Having  observed  this,  it  was  an  obvious  conjecture,  that 
a  mixture  of  some  of  these  fluids  might  produce  a  medium, 
whose  action  on  the  intermediate  rays  should  have  the  same 
proportion  that  is  observed  on  common  glass ;  or  that  two 
of  them  might  be  found  which  formed  spectra  similarly  di- 
vided, and  yet  differing  sufficiently  in  dispersive  power  to 
enable  us  to  destroy  the  dispersion  by  contrary  refractions, 
without  destroying  the  whole  refraction.  Dr  Blair  accord- 
ingly  found  a  mixture  of  solutions  of  ammoniacal  and  mer- 
curial salts,  and  also  some  other  substances,  which  produced 
dispersions  proportional  to  that  of  glass,  with  respect  to  the  ■ 
different  colours. 

And  thus  has  the  result  of  this  intricate  and  laborious 
investigation  corresponded  to  his  utmost  wishes.  He  has 
produced  achromatic  telescopes  which  seem  as  perfect  as 
the  thing  will  admit  of;  for  he  has  been  able  to  give  them 
such  apertures,  that  the  incorrigible  aberration  arising 
from  the  spherical  surfaces  becomes  a  sensible  quantity; 
and  precludes  farther  amplification  by  the  eye-glasses.  We 
have  examined  one  of  his  telescopes :  The  focal  distance  of 
the  object-glass  did  not  exceed  17  inches,  and  the  aperture 
was  fully  S£  inches.  We  viewed  some  single  and  double 
stars  and  some  common  objects  with  this  telescope ;  and 
found,  that  in  magnifying  power,  brightness,  and  distinct- 
ness, it  was  manifestly  superior  to  one  of  Mr  Dollond's  of 
42  inches  focal  length.  It  also  gave  us  an  opportunity  of 
admiring  the  dexterity  of  the  London  artists,  who  could 
work  the  glasses  with  such  accuracy.  We  had  most  dis- 
tinct vision  of  a  star  when  using  an  erecting  eye-piece, 
which  made  this  telescope  magnify  more  than  a  hundred 
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times;  and  we  foiind  the  field  of  vision  as  uniformly  dis- 
tinct as  with  Dollond's  42  inch  telescope  magnifying  46 
times.  The  intelligent  reader  must  admire  the  nice  figur- 
ing and  centering  of  the  very  deep  eye-glasses  which  are 
necessary  for  this  amplification. 

It  is  to  be  hoped  that  Dr  Blair  will  extend  his  views  to 
giatzet  of  different  compositions,  and  thus  give  us  object- 
glasses  which  are  solid ;  for  those  composed  of  fluids  have 
inconveniences  which  will  hinder  them  from  coming  into 
general  use,  and  will  confine  them  to  the  museums  of  phi- 
losophers. We  imagine  that  antimonial  glasses  bid  fair  to 
answer  this  purpose,  if  they  could  be  made  free  of  colour, 
so  at  to  transmit  enough  of  light  We  recommend  this 
dissertation  to  the  careful  perusal  of  our  readers.  Those 
who  have  not  made  themselves  much  acquainted  with  the 
delicate  and  abstruse  theory  of  aberrations,  will  find  it  ex- 
hibited in  such  a  popular  form  as  will  enable  them  to  un- 
derstand its  general  aim ;  and  the  well-informed  reader  will 
find  many  curious  indications  of  inquiries  and  discoveries 
yet  to  be  made. 

We  now  proceed  to  consider  the  eye-glasses  or  glasses  of 
telescopes.  The  proper  construction  of  an  eye-piece  is  not 
less  essential  than  that  of  the  object-glass.  But  our  limits 
will  not  allow  us  to  treat  this  subject  in  the  same  detail. 
We  have  already  extended  this  article  to  a  great  length, 
because  we  do  not  know  of  any  performance  in  the  English 
language  which  will  enable  our  readers  to  understand  the 
construction  of  achromatic  telescopes ;  an  invention  which 
reflects  honour  on  our  country,  and  has  completed  the  dis- 
coveries of  our  illustrious  Newton.  Our  readers  will  find 
abundant  information  in  Dr  Smith's  Optics  concerning  the 
eye-glasses,  chiefly  deduced  from  Huygbens's  fine  theory  of 
aberration.f     At  the  same  time,  we  must  again  pay  Mr 


t  While  we  thiu  repeatedly  speak  of  the  theory  of  spherical  aber- 
ration as  coating  from  Mr  Huyghens,  we  must  not  omit  giving  !  doe 


ibyGoogle 


TUBKOFB.  485 

Dollond  the  merited  compliment  of  saying,  that  he  was  the 
first  who  made  any  scientific  application  of  this  theory  to 
the  compound  eye-piece  for  erecting  the  object.  His  eye- 
pieces of  five  and  six  glasses  are  very  ingenious  reduplica- 
tions of  Huyghens's  eye-piece  of  two  glasses,  and  would 
probably  have  superseded  all  others,  had  not  bis  discovery 
of  achromatic  object-glasses  caused  opticians  to  consider  the 
chromatic  dispersion  with  more  attention,  and  pointed  out 
methods  of  correcting  it  in  the  eye-piece  without  any  com- 
pound eye-glasses.  They  have  found  that  this  may  be 
more  conveniently  done  with  four  eyeglasses,  without  sen- 
sibly diminishing  the  advantages  which  Huyghens  showed 
to  result  from  employing  many  small  refractions  instead  of 
a  lesser  number  of  greet  ones.  As  this  is  a  very  curious 
subject,  we  shall  give  enough  for  making  our  readers  fully 
acquainted  with  it,  and  content  ourselves  with  merely  men- 
tioning the  principles  of  the  other  rules  for  constructing  an 
eye-piece. 

Such  readers  as  are  less  familiarly  acquainted  with  opti- 
cal discussions  will  do  well  to  keep  in  mind  the  following 
consequences  of  the  general  focal  theorem  : 

If  AB  (Fig.  14.)  be  a  lens,  R  a  radiant  point  or  focus 
of  incident  rays,  and  a  the  focus  of  parallel  rays  coming 
from  the  opposite  side ;  then, 


share  of  the  honour  of  it  to  Dr  Harrow  and  Mr  James  Gregory.  The 
first  of  these  authors,  in  his  Optical  Lectures  delivered  it  Cambridge, 
has  given  every  proposition  which  is  employed  by  Huyghens,  sod  has 
even  prosecuted  the  matter  much  further.  In  particular,  hi*  theory 
of  oblique  slender  pencils  is  of  immense  consequence  to  the  perfection 
of  telescopes,  by  showing  the  methods  for  making  the  image  of  an  ex- 
tended surface  as  flat  as  possible.  Gregory,  too,  has  given  all  the 
fundamental  propositions  in  his  Optica  Promota.  But  Huyghens,  by 
taking  the  subject  together,  and  treating  it  in  a  system,  has  greatly 
simplified  it ;  and  his  manner  of  viewing  the  principal  parts  of  it  Is 
incomparably  more  perspicuous  than  the  performances  of  Barrow  and 
Gregory. 
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'  I.  Draw  the  perpendicular  ace  to  the  axis,  meeting  the 
incident  ray  in  a',  and  d  A'to  the  centre  of  the  lens.  The 
refracted  ray  BF  is  parallel  to  a'  A .-  for  B  tf :  a-  A  (— 
R  a  :  o  A)  =  RB :  BF  (=  RA  :  AF),  which  is  the  focal 
theorem. 

2.  An  oblique  pencil  BP  b  proceeding  from  any  point  P 
which  is  not  in  the  axis,  is  collected  to  the  point  /,  where 
the  refracted  ray  BF  cuts  the  line  PA/  drawn  from  P 
through  the  centre  of  the  lens:  for  P  tf ;  rf  A=PB :  Bft 
which  is  also  the  focal  theorm. 

The  Galilean  telescope  is  susceptible  of  so  little  improve- 
ment, that  we  need  not  employ  any  time  in  illustrating  its 
performance. 

'  The  simple  astronomical  telescope  is  represented  in  Fig. 
16.  The  beam  of  parallel  rays,  inclined  to  the  axis,  is  made 
to  converge  to  a  point  6,  where  it  forms  an  image  of  the 
lowest  point  of  a  very  distant  object  These  rays  decussat- 
ing from  G  fall  on  the  eye-glass ;  the  ray  from  the  lowest 
point  B  of  the  object-glass  falls  on  the  eye-glass  at  b ;  and 
the  ray  from  A  falls  on  a ;  and  the  ray  from  the  centre  O 
falls  on  o.  These  rays  are  rendered  parallel,  or  nearly  so, 
by  refraction  through  the  eye-glass,  and  take  the  direction 
b  i',oJ,  ai.  If  the  eye  be  placed  so  that  this  pencil  of  pa- 
rellel  rays  may  enter  it,  they  converge  to  a  point  of  the  re- 
tina, and  give  distinct  vision  of  the  lowest  point  of  the  ob- 
ject. It  appears  inverted,  because  the  rays  by  which  we  see 
its  lowest  point  come  in  the  direction  which,  in  simple  vision, 
is  connected  with  the  upper  point  of  an  object.  They 
come  from  above,  and  therefore  are  thought  to  proceed 
from  above.  We  see  the  point  as  if  situated  in  the  direc- 
tion I  o.  In  like  manner  the  eye  placed  at  I,  sees  the  upper 
point  of  the  object  in  the  direction  IP,  and  its  middle  in 
the  direction  IE.  The  proper  place  for  the  eye  is  I :  if 
brought  much  nearer  the  glass,  or  removed  much  farther 
from  it,  some,  or  the  whole,  of  this  extreme  pencil  of  rays 
will  not  enter  the  pupil.     It  is  therefore  of  importance  to 
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determine  this  punt  Because  the  eye  requires  parallel 
cays  for  distinct  vision,  it  is  plain  that  F  must  be  the  prin- 
cipal focus  of  the  eye-glaas.  Therefore,  by  the. common 
focal  theorem  OF  :  OE  =  OE :  01,  or  OF :  FE  =  OE :  EI. 
The  magnifying  power  being  measured  by  the  magnitude 
of  the  visual  angle,  compared  with  the  magnitude  of  the 

visual  angle  with  the  naked  eye,  we  hare  — =*-,  or  -^^for 
&  '  oOp        oOF 

the  measure  of  the  magnifying  power.     This  is  very  nearly 

OE        OF 
=  EC°rFT 

'  As  the  line  OE,  joining  the  centres  of  the  lenses,  and 
perpendicular  to  their  surfaces,  is  called  the  axis  of  the  tele- 
scope, so  the  ray  OG  is  called  the  axis  of  the  oblique  pen- 
cil, being  really  the  axis  of  the  cone  of  light  which  has  the 
object-glass  for  its  base.-  This  ray  is  through  its  whole 
course  the  axis  of  the  oblique  pencil ;  and  when  its  course 
is  determined,  the  amplification,  the  field  of  vision,  the  aper- 
tures of  the  glasses,  are  all  determined  For  this  purpose 
we  have  only  to  consider  the  centre  of  the  object-glass  as  a 
radical  point,  and  trace  the  process  of  a  ray  from  this  point 
through  the  other  glasses :  this  will  be  the  axis  of  some 
oblique  pencil. . 

It  is  evident,  therefore,  that  the  field  of  vision  depends 
on  the  breadth  of  the  eye-glass.  Should  we  increase  this, 
the  extreme  pencil  will  pass  through  I,  because  0  and  I  are 
still  the  conjugate  foci  of  the  eye-glass.  On  the  other  hand, 
the  angle  resolved  on  for  the  extent  or  field  of  vision  gives 
the  breadth  of  the  eye-glass. 

We  may  here  observe,  by  the  way,  that  for  all  optical 
instruments  there  must  be  two  optical  figures  considered. 
The  first  shews  the  progress  of  a  pencil  of  rays  coming  from 
one  point  of  the  object.  The  various  focusses  of  this  pencil 
show  the  places  of  the  different  images,  real  or  virtual. 
Such  a  figure  is  formed  by  the  three  rays  AG  a  i',  OG  o  I, 
BGot. 
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The  second  shows  the  progress  of  the  axes  of  the  different 
pencils  proceeding  through  the  centre  of  the  object-glass. 
The  focusses  of  this  pencil  of  axes  show  the  places  where 
an  image  of  the  object-glass  is  formed  ;  and  this  pencil  de- 
termines the  field  of  vision,  the  apertures  of  the  lenses,  and 
the  amplification  or  magnifying  power.  The  three  rays 
OG  o  I,  OFEI,  OHPI,  form  this  figure. 

See  also  fig.  24.  where  the  progress  of  both  sets  of  pencils 
is  more  diversified. 

The  perfection  of  a  telescope  is  to  represent  an  object 
in  its  proper  shape,  distinctly  magnified,  with  a  great  field 
of  vision,  and  sufficiently  bright  But  there  are  limits  to 
all  these  qualities ;  and  an  increase  of  one  of  them,  for  the 
most  part,  diminishes  the  rest.  The  brightness  depends  on 
the  aperture  of  the  object-glass,  and  will  increase  in  the 
same  proportion  (because  i  i'  will  always  be  to  AB  in  the 
proportion  of  EF  to  FO),  till  the  diameter  of  the  emergent 
pencil  is  equal  to  that  of  the  pupil  of  the  eye.  Increasing 
the  object-glass  any  more  can  send  no  more  light  into  the 
eye.  But  we  cannot  make  the  emergent  pencil  nearly  so 
large  as  this  when  the  telescope  magnifies  much ;  for  the 
great  aperture  of  the  object-glass  produces  an  indistinct 
image  at  GF,  and  indistinctness  is  magnified  by  the  eye- 
glass. 

A  great  field  of  vision  is  incompatible  with  the  true 
snape  of  the  object ;  for  it  is  not  strictly  true  that  all  rays 
flowing  from  O  are  refracted  to  I.  Those  rays  which  go 
to  the  margin  of  the  eye-glass  cross  the  axis  between  E 
and  I ;  and  therefore  they  cross  it  at  a  greater  angle  than 
if  they  passed  through  I.  Now  had  they  really  passed 
through  I,  the  object  would  have  been  represented  in  its 
due  proportions.  Therefore  since  the  angles  of  the  mar- 
ginal parts  are  enlarged  by  the  aberration  of  the  eye-glass, 
the  marginal  parts  themselves  will  appear  enlarged,  or  the 
object  appear  distorted.  Thus,  a  chess-board  viewed 
through  a  reading-glass  appears  drawn  out  at  the  comers, 
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and  the  straight  lines  are  all  changed  into  curves,  as  is  re* 
presented  in  fig.  18. 

The  circumstance  which  most  peremptorily  limits  the  ex- 
tent of  field  is  the  necessary  distinctness.  If  the  vision 
be  indistinct,  it  is  useless,  and  no  other  quality  can  com- 
pensate this  defect.  The  distortion  is  very  inconsiderable 
in  much  larger  angles  of  vision  than  ire  can  admit,  and  is 
unworthy  of  the  attention  paid  to  it  by  optical  writers. 
They  have  been  induced  to'  take  notice  of  it,  because  the 
means  of  correcting  it  in  a  considerable  degree  are  attain- 
able, and  afford  an  opportunity  of  exhibiting  their  know- 
ledge ;  whereas  the  indistinctness  which  accompanies  a  large 
field  is  a  subjcet  of  most  difficult  discussion,  and  has  hither- 
to baffled  all  their  efforts  to  express  by  any  intelligible  or 
manageable  formulae. 

This  subject  must,  however,  be  considered.  The  image 
at  GF  of  a  very  remote  object  is  not  a  plain  surface  per- 
pendicular to  the  axis  of  the  telescope,  but  is  nearly  spheri- 

"  cal,  having  0  for  its  centre.  If  a  number  of  pencils  of  pa- 
rallel rays  crossing  each  other  in  I  fall  on  the  eye-glass, 
they  will  form  a  picture  on  the  opposite  side,  in  the  focus 
F.  But  this  picture  will  by  no  means  be  flat,  nor  nearly 
so,  but  very  concave  towards  E.  Its  exact  form  is  of  most 
difficult  investigation.  The  elements  of  it  are  given  by 
Dr  Barrow ;  and  we  have  given  the  chief  of  them  in  the 
article  Optics,  when  considering  the  foci  of  infinitely  alen- 

'  der  pencils  of  oblique  rays.  Therefore  it  is  impossible  that 
the  picture  formed  by  the  object-glass  can  be  seen  distinct- 
ly in  all  its  parts  by  the  eye-glass.  Even  if  it  were  fiat, 
the  points  G  and  H  (Fig.  16.)  are  too  far  from  the  eye- 
glass when  the  middle  F  is  at  the  proper  distance  for  dis- 
tinct vision.  When,  therefore,  the  telescope  is  so  adjusted 
that,  we  have  distinct  vision  of  the*  middle  of  the  field,  in 
order  to  see  the  margin  distinctly  we  must  push  in  the  eye- 
glass :  and  having  so  done,  the  middle  of  the  field  becomes 
indistinct.  When  the  field  of  vision  exceeds  12  or  16  de- 
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grees,  it  is  not  possible  by  any  contrivance  to  make  it  to- 
lerably distinct  all  over ;  and  we  must  turn  the  telescope 
successively  to  the  different  parts  of  the  field  that  we  may 
see  them  agreeably. 

The  cause  of  this  indistinctness  is,  as  we  have  already 
said,  the  shortness  of  the  lateral  foci  of  lateral  and  oblique 
pencils  retracted  by  the  eye-glass.  The  common  determi- 
nation of  these  is  not  complete)  and  relates  only  to  those 
rays  which  are  on  a  plane  passing  through  the  axis  of  the 
lens.  But  the  oblique  pencil  b  G  a,  by  which  an  eye 
placed  at  I  sees  the  point  G  of  the  image,  is  a  cone  of  light, 
having  a  circular  base  on  the  eye-glass ;  of  which  circle  a  b 
is  one  of  the  diameters.  There  is  a  diameter  perpendicular 
to  this,  which*  in  this  figure,  is  represented  by  the  point  o. 
Fig.  17.  represents  the  base  of  the  cone  as  seen  by  an  eye 
placed  in  the  axis  of  the  telescope,  with  the  object-glass  as 
appearing  behind  it.  The  point  b  is  formed  by  a  ray  which 
comes  from  the  lowest  point  B  of  the  object-glass,  and  the 
point  a  is  illuminated  by  a  ray  from  A.  The  point  c  at 
the  right-hand  of  the  circular  base  of  this  cone  of  light  came 
from  the  point  C  on  the  left  side  of  the  object-glass ;  and 
the  light  comes  to  d  from  D.  Now  the  laws  of  optics  de- 
monstrate,  that  the  rays  which  come  through  the  points  c 
and  d  are  more  convergent  aftei  refraction  than  the  rays 
which  come  through  a  ant}  b.  The  analogies,  therefore, 
which  ascertain  the  foci  of  rays  lying  in  the  planes  passing 
through  the  axis  do  not  determine  the  foci  of  the  others. 
Of  this  we  may  be  sensible  by  looking  through  a  lens  to  a 
figure  on  which  are  drawn  concentric  circles  crossed  by 
radii.  When  the  telescope  is  so  adjusted  that  we  see' dis- 
tinctly the  extremity  of  one  of  the  radii,  we  shall  not  see 
distinctly  the  circumference  which  crosses  the  extremity  with 
equal  distinctness,  and  vice  versa.  This  difference,  how- 
ever, between  the  foci  of  the  rays  which  come  through  a 
and  b,  and  those  which  come  through  c  and  d,  is  not  con- 
siderable in  the  fields  of  vision,'  which  are  otherwise  ad~ 
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missible.  But  the  same  difference  of  foci  obtains  also  with 
respect  to  the  dispersion  of  light,  and  is  more  remarkable. 
Both  d'Alembert  and  Euler  have  attempted  to  introduce 
it  into  their  formula;;  but  they  have  made  them  useless 
for  any  practical  purpose  by  their  inextricable  complication. 

This  must  serve  as  a  general  indication  of  the  difficulties 
which  occur  in  the  construction  of  telescopes,  even  although 
the  object-glass  were  perfect,  forming  an  image  without  the 
smallest  confusion  or  distortion. 

There  is  yet  another  difficulty  or  imperfection.  The 
rays  of  the  pencil  a  G  A,  when  refracted  through  the  eye- 
glass, are  also  separated  into  their  component  colours.  The 
edge  of  the  lens  must  evidently  perform  the  office  of  a  prism, 
and  the  white  ray  G6  will  be  so  dispersed  that  if  b\  be  the 
path  of  its  red  ray,  the  violet  ray,  which  makes  another 
part  of  it,  will  take  such  a  course  b  n  that  the  angle  i'bn 
will  be  nearly  fl'7*  of  6-  6 1*.  The  ray  G  a  passing'through 
a  part  of  the  lens  whose  surfaces  are  less  inclined  to  each 
other,  will  be  less  refracted,  and  will  be  lets  dispersed  in  the 
same  proportion  very  nearly.  Therefore  the  two  violet  rays 
will  be  very  nearly  parallel  when  the  two  red  rays  are  ren- 
dered parallel.  , 
'  Hence  it  must  happen,  that  the  object  will  appear  bor- 
dered with  coloured  fringes.  A  black  line  seen  near  the 
margin  on  a  white  ground  will  have  a  ruddy  and  orange 
border  on  the  outside  and  a  blue  border  within :  and  this 
confusion  is  altogether  independent  on  the  object-glass  and 
is  so  much  the  greater  as  the  visual  angle  o  IE  is  greater. 

Such  are  the  difficulties :  They  would  be  insurmount- 
able were  it  not  that  some  of  them  are  so  connected  that,  to 
a  certain  extent,  tbe  diminution  of  one  is  accompanied  by 
a  diminution  of  the  other.  These  curves  are  the  geometri- 
cal loci  of  the  foci  of  infinitely  slender  pencils.  Conse- 
quently the  point  G  is  very  nearly  in  the  caustic  formed  by 
a  beam  of  light  consisting  of  rays  parallel  to  I  o,  and  oc- 
cupying the  whole  surface  of  the  eye-glass,  because  the 
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pencil  of  rays  which  are  collected  at  G  is  very  small.  Any 
thing  therefore  that  diminishes  the  mutual  inclination  of 
the  adjoining  rays  puts  their  concourse  farther  off.  Nov 
this  is  precisely  what  we  want :  for  the  point  6  of  the  im- 
age formed  by  the  object-glass  is  already  beyond  the  focus 
of  the  oblique  slender  pencil  of  parallel  rays  •  a  and  i  b ; 
and,  therefore,  if  we  could  make  this  focus  go  a  little  far- 
ther from  a  and  6,  we  shall  bring  it  nearer  to  6,  and  ob- 
tain more  distinct  vision  of  this  point  of  the  object.  Now 
let  It  be  recollected,  that  in  moderate  refractions  through 
prisms,  two  rays  which  are  inclined  to  each  other  in  a  small 
angle  are,  after  refraction,  inclined  to  each  other  in  the  same 
angle.  Therefore,  if  we  can  diminish  the  aberration  of  the 
ray  ai,  or  o  I,  or  b »',  we  diminish,  their  mutual  inclination; 
and  consequently  the  mutual  inclination  of  the  rays  G  a, 
G  o,  G  b\  and  therefore  lengthen  the  focus,  and  get  more 
distinct  vision  of  the  point  G.  Therefore  we  at  oace  cor- 
rect the  distortion  and  the  indistinctness :  and  this  is  the 
aim  of  Mr  Huyghens  s  great  principle  of  dividing  the  re- 
fractions. 

The  general  method  is  as  follows :  Let  o  be  the  object- 
glass  (Fig.  19.)  and  £  the  eye-glass  of  a  telescope,  and 
F  their  common  focus,  and  FG  the  image  formed  by  the 
object-glass.  The  proportion  of  their  focal  distances  is 
supposed  to  be  such  as  gives  as  great  a  magnifying  power  as 
the  perfection  of  the  object-glass  will  admit  Let  BI  be 
the  axis  of  the  emergent  pencil.  It  is  known  by  the  focal 
theorem  that  GE  is  parallel  to  BI :  therefore  BGE  is  the 
whole  refraction  or  deflection  of  the  ray  OHB  from  its  for- 
mer direction.  Let  it  be  proposed  to  diminish  the  aberra- 
tions by  dividing  this  into  two  parts  by  means  of  two  glasses 
D  and  e,  so  as  to  make  the  ultimate  angle  of  vision  bit 
equal  to  BIE,  and  thus  retain  the  same  magnifying  power 
and  visible  field.  Let  it  be  proposed  to  divide  it  into  the 
parts  BGC  and  CGE. 

From  G  draw  any  line  GD  to  the  axis  towards  0;  and 
1 
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draw  the  perpendicular  DH,  cutting  OG  in  H ;  draw  H  c 
parallel  to  GC,  cutting  GD  in  g ,-  draw  g/*  perpendicular 
to  the  axis ;  and  g  e  parallel  to  GE ;  draw  e  b  perpendicu- 
lar to  the  axis;  draw  D  *  parallel  to  GC,  and  '<2  perpen- 
dicular to  the  axis. 

Then  if  there  be  placed  at  D  a  lens  whose  focal  distance 
is  D  d,  and  another  at  e,  whose  focal  distance  is  ef,  the 
thing  is  done.  The  ray  OH  will  be  refracted  into  H  b, 
this  into  b  i  parallel  to  BI, 

The  demonstration  of  this  construction  is  so  evident  by 
means  of  the  common  focal  theorem,  that  we  need  not  re- 
peat it,  nor  the  reason  for  its  advantages.  We  have  the 
same  magnifying  power,  and  the  same  field  of  vision ;  we 
have  less  aberration,  and  therefore  less  distortion  and  in- 
distinctness ;  and  this  is  brought  about  by  a  lens  HD  of  a 
smaller  aperture  and  a  greater  focal  distance  than  BE. 
Consequently,  if  we  are  contented  with  the  distinctness  of 
the  margin  of  the  field  with  a  single  eye-glass,  we  may 
greatly  increase  the  field  of  vision :  for  if  we  increase  DH 
to  the  size  of  EB  we  shall  have  a  greater  field,  and  much 
greater  distinctness  in  the  margin ;  because  HD  is  of  a 
longer  focal  distance,  and  will  bear  a  greater  aperture,  pre- 
serving the  same  distinctness  at  the  edge.  On  this  ac- 
count the  glass  HD  is  commonly  called  the  Field-glass. 

It  must  be  observed  here,  however,  that  although  the 
distortion  of  the  object  is  lessened,  there  is  a  real  distortion 
produced  in  the  image  fg.  But  this,  when  magnified  by 
the  glass  e,  is  smaller  than  "the  distortion  produced  by  the 
glass  E,  of  greater  aperture  and  shorter  focus,  on  the  un- 
distorted  image  GF.  But  because  there  is  a  distortion  in 
the  second  imagey^,  this  construction  cannot  be  used  for 
the  telescopes  of  astronomical  quadrants,  and  other  graduat- 
ed instruments ;  because  then  equal  divisions  of  the  micro- 
meter would  not  correspond  to  equal  angles. 

But  the  same  construction  will  answer  in  this  case,  by 
taking  the  point  D  on  that  side  of  F  which  is  remote  from 
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0  (Fig.  20.)  This  is  the  form  now  employed  in  the 
telescopes  of  all  graduated  instruments. 

The  exact  proportion  in  which  the  distortion  and  the  in- 
distinctness at  the  edges  of  the  field  are  diminished  by  this 
construction,  depends  on  the  proportion  in  which  the  angle 
BGE  is  divided  by  GC ;  and  is  of  pretty  difficult  investi- 
gation. But  it  never  deviates  far  (never  J  in  optical  in- 
struments) from  the  proportion  of  the  squares  of  the  angles. 
We  may,  without  any  sensible  error,  suppose  it  in  this  pro- 
portion. This  gives  us  a  practical  rule  of  easy  recollec- 
tion, and  of  most  extensive  use.  When  we  would  diminish 
an  aberration  by  dividing  the  whole  refraction  into  two 
parts,  we  shall  do  it  most  effectually  by  making  them 
equal.  In  like  manner,  if  we  divide  it  into  three  parts  by 
means  of  two  additional  glasses,  we  must  make  each— -^d 
of  the  whole ;  and  so  on  for  a  greater  number. 

This  useful  problem,  even  when  limited,  as  we  have 
done,  to  equal  refractions,  is  as  yet  indeterminate ;.  that  is, 
susceptible  of  an  infinity  of  solutions :  for  the  point  D, 
where  the  field-glass  is  placed,  was  taken  at  pleasure ;  yet 
there  must  be  situations  more  proper  than  others.  The 
aberrations  which  produce  distortion,  and  those  which  pro- 
duce indistinctness,  do  not  follow  the  same  proportions. 
To  correct  the  indistinctness,  we  should  not  select  such  po- 
sitions of  the  lens  HD  a*  will  give  a  small  focal  distance  to 
be;  that  is,  we  should  not  remove  it  very  far  from  F. 
Huyghens  recommends  the  proportion  of  3  to  1  for  that  of 
the  focal  distances  of  the  lens  HD  and  e  o,  and  says  that 
the  distance  D  e  should  be  =  2  F  e.  This  puts^/too  near 
to  HD,  and  thus  shows  the  dust  on  HD.  This  will  make 
ei  —  ieF,  and  will  divide  the  whole  refraction  into  two 
equal  parts,  as  any  one  will  readily  see  by  constructing  the 
common  optical  figure.  Mr  Short,  the  celebrated  improver 
of  reflecting  telescopes,  generally  employed  this  proportion ; 
and  we  shall  presently  see  that  it  is  a  very  good  one. 

It  has  been  already  observed,  that  the  great  refractions 
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which  take  place  on  the  eye-glasses  occasion  very  consider- 
able dispersions,  and  disturb  the  vision  by  fringing  every 
thing  with  colours.  To  remedy  tins,  achromatic  eye-glasses 
may  be  employed,  constructed  by  the  rules  already  deliver- 
ed. This  construction,  however,  is  incomparably  more  in- 
tricate than  that  of  object-glasses:  for  the  equations  must 
involve  the  distance  of  the  radiant  point,  and  be  more  com- 
plicated ;  and  this  complication  is  immensely  increased  on 
account  of  the  great  obliquity  of  the  pencils. 

Most  fortunately  the  Huyghenian  construction  of  an  eye- 
piece enables  us  to  correct  this  dispersion  to  a  great  degree  of 
exactness.  A  heterogeneous  ray  is  dispersed  at  H,  and  the 
red  ray  belonging  to  it  .falls  on  the  lens  Stat  a  greater 
distance  from  the  centre  than  the  violet  ray  coming  from 
H.  It  will  therefore  be  less  refracted  (cesterit  paribus)  by 
the  lens  be;  and  it  is  possible  that  the  difference  may  be 
such  that  the  red  and  violet  rays  dispersed  at  H  may  be 
rendered  parallel  at  6,  or  even  a  little  divergent,  so  as  to 
unite  accurately  with  the  red  ray  at  the  bottom  of  the  eye. 
How  this  may  be  effected,  by  a  proper  selection  of  the 
places  and  figures  of  the  lenses,  will  appear  by  the  follow- 
ing proposition,  which  we  imagine  is  new  and  not  inele- 
gant: 

Let  die  compound  ray  OF  (Fig.  21)  be  dispersed  by 
the  lens  PC ;  and  let  PV,  PR  be  its  violet  and  red  rays, 
cutting  the  axis  in  G  and  g.  It  is  required  to  place  an- 
other lens  RD  in  their  way,  so  that  the  emergent  rays  R  r, 
V  »,  shall  be  parallel. 

Produce  the  incident  ray  OP  to  Z.  The  angles  ZPR, 
ZPV,  are  given,  (and  RPV  is  nearly  =  —^r-  J  and  the  in- 
tersections G  and  g  with  the  axis.  Let  F  be  the  focus  of 
parallel  red  light  coming  through  the  lens  RD  in  the  op- 
posite direction.  Then  (by  the  common  optical  theorem), 
the  perpendicular  F  t  will  cut  FR  in  such  a  point  e,  that 
<  F  will  be  parallel  to  the  emergent  ray  R  r  and  to  V  p. 
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Therefore  if  { D  cut  PV  in  u,  and  uf  be  drawn  parpencbV 
cuUr  to  the  axis,  we  shall  have  (also  by  the  common  theo- 
rem) the  point/  for  the  focus  of  violet  rays,  and  DF :  D/ 
—  D  i :  R  u  ==  88 :  27  nearly,  in  a  given  ratio. 

The  problem  is  therefore  reduced  to  this :  "  To  draw 
from  a  pout  D  in  the  line  CG  a  line  D  t,  which  shall  be 
cut  by  the  lines  PR  and  PV  in  the  given  ratio. 

The  following  construction  naturally  offers  itself:  Make 
GM  -gM  in  the  given  ratio,  and  draw  MK  parallel  to  Pg. 
Through  any  point  D  of  CG  draw  the  straight  line  PDK, 
cutting  MK  in  K.  Join  GE,  and  draw  D  <  parallel  to  KG. 
This  will  solve  the  problem ;  and,  drawing  t  F  perpendicu- 
lar to  the  axis,  we  shall  have  F  for  the  focus  of  the  lens 
BD  for  parallel  red  rays. 

The  demonstration  is  evident ;  for  MK  being  parallel  to 
Fg,  wehaveGM:#M  =  GK:HK,=<D,  :«Db=FD 
:_/"!),  in  the  ratio  required. 

This  problem  admits  of  an  infinity  of  solutions ;  because 
the  point  D  may  be  taken  any  where  in  the  line  CG.  It 
may  therefore  be  subjected  to  such  conditions  as  may  pro- 
duce other  advantages. 

1.  It  may  be  restricted  by  the  magnifying  power,  or  by 
the  division  which  we  choose  to  make  of  the  whole  refrac- 
tion which  produces  this  magnifying  power.  Thus,  if  we 
have  resolved  to  diminish  the  aberrations  by  making  the 
two  refractions  equal,  we  have  determined  the  angle  BrD. 
Therefore  draw  GK,  making  the  angle  MGK  equal  to  that 
which  the  emergent  pencil  must  make  with  the  axis,  in 
order  to  produce  this  magnifying  power.  Then  draw  MK 
parallel  toPg,  meeting  GK  in  K.  Then  draw  PK,  cut- 
ting the  axis  in  D,  and  D ;  parallel  to  GK,  and  <  F  per- 
pendicular to  the  axis.  D  is  the  place,  and  DF  the  focal 
distance  of  the  eye-glass. 

2.  Particular  circumstances  may  cause  us  to  fix  on  a  par- 
ticular place  D,  and  we  only  want  the  focal  distance.  In 
this  case  the  first  construction  suffices. 


KibyGoogle 


8.  We  may  have  determined  on  a  certain  focal  dis- 
tance DP,  and  the  place  must  be  determined.  Id  this 
case  let 

GF :  P(  »=•  1 :  tan.  G 

Fe   :f«  **  1 :  m,  m  being  =  \  | 

then  GF  :fg  =  tan.  g :  m  tan.  G 

then  GF— -fg  :  GF  =  tan.  g—m  tan.  G :  tan.  g 

or     Gj+F/:  GF  =  tan.  g—  m  tan.  G:  tan.  g; 

and  GF  =  G  e  +  F Y: ^ — ^,  and  is  there- 

fore  given,  and  the  place  of  F  la  determined ;  and  since  FD 
is  given  by  supposition,  D  is  determined. 

The  application  of  this  problem  to  our  purpose  is  diffi- 
cult, if  we  take  it  in  the  most  general  terms ;  but  the  na- 
ture of  the  thing  makes  such  limitations  that  it  becomes 
very  easy.  In  the  case  of  the  dispersion  of  light,  the  angle 
GPg-  is  so  small  that  ME  may  be  drawn  parallel  to  FG 
without  any  sensible  error.  If  the  ray  OP  were  parallel  to 
CG,  then  G  would  be  the  focus  of  the  lens  PC,  and  the 
point  M  would  fall  on  C  ;  because  the  focal  distance  of  red 
rays  is  to  that  of  violet  rays  in  the 'same  proportion  for  every 
lens,  and  therefore  CG  :  Cg  =  DF  :  Df.  Now,  in  a  tele- 
scope which  magnifies  considerably,  the  angle  at  the  object- 
glass  is  very  small,  and  CG  hardly  exceeds  the  focal  dis- 
tance ;  and  CG  is  to  Cg  very  nearly  in  the  same  proportion 
of  S8  to  87.  We  may  therefore  draw  through  C  (Fig. 
21.)  a  line  CK  parallel  to  PG ;  then  draw  GK'  perpendi- 
cular  to  the  axis  of  the  lenses,  and  join  PK' ;  draw  K'BE 
parallel  to  CG,  cutting  PK  in  B ;  draw  BHI  parallel  to 
GK,  cutting  GK'  in  H  :  Join  HD  and  PK.  It  is  evident 
that  CG  is  bisected  in  F',  and  that  KB  sSPD:  also 
K'H :  HG  a  KB  :  BE,  =  CD  :  DG.  Therefore  DH  is 
parallel  to  CK',  or  to  PG.  But  because  PF  ss  F'K', 
I'D  is  =  DB,  and  IH  as  HB.  Therefore  *D  =HB,  sod 
Vol.  III.  S  I 
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FD  —  K'B,  =  2FD;  andFDis  bisected  in  F\    There- 

n__  ™     CG+FD 
fore  CD  = 9 . 

That  is,  in  order  that  the  eye-glass  RD  may  correct  the 
dispersion  of  the  field-glass  PC,  the  distance  between  Stem 
mutt  be  equal  to  the  half  sum  of  their  Jbcol  distances  very 
nearly.  More  exactly,  the  distance  between  them  mutt  be 
equal  to  the  half  turn  of  Ihejbeal  distance  of  the  eye-glass, 
and  the  distance  at  which  the  field-glass  would  Jbrm  an 
image  tfthe  object-glass.  For  the  point  G  is  the  focus  to 
which  a  ray  coming  from  the  centre  of  the  object-glass  is 
refracted  by  the  field-glass. 

This  is  a  very  simple  solution  of  this  important  problem. 
Huyghenss  eye-piece  corresponds  with  it  exactly.  If  in- 
deed the  dispersion  at  P  is  not  entirely  produced  by  the  re- 
fraction, but  perhaps  combined  with  some  previous  disper- 
sion, the  point  M  (Fig.  21.)  will  not  coincide  with  C, 
(Fig.  23.),  and  we  shall  have  GC  to  GM,  as  the  natural 
dispersion  at  P  to  the  dispersion  which  really  obtains  there. 

™.  CG+FD 

Jl  ins  may  destroy  the  equation  =  - — ^ — . 

Thus,  in  a  manner  rather  unexpected,  have  we  freed  the 
eye-glasses  from  the  greatest  part  of  the  effect  of  dispersion. 
We  may  do  it  entirely  by  pushing  the  eye-glass  a  little 
nearer  to  the  field-glass.  This  will  render  the  violet  rays  a 
little  divergent  from  the  red,  so  as  to  produce  a  perfect 
picture  at  the  bottom  of  the  eye.  But  by  doing  so  we 
have  hurt  the  distinctness  of  the  whole  picture,  because 
F  is  not  in  the  focus  of  RD.  We  remedy  this  by  draw- 
ing both  glasses  out  a  little,  and  the  telescope  is  made  per- 
fect. 

This  improvement  cannot  be  applied  to  the  construction 
of  quadrant  telescopes,  such  as  Fig.  20.  Mr  Ramsden 
has  attempted  it,  however,  in  a  very  ingenious  way,  which 
merits  a  place  here,  and  is  also  instructive  in  another  way. 
The  field-glass  HD  (Fig.  «0.)  is  a  plano-convex,   with  its 
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plane  side  next  the  image  GF.  It  is  placed  very  near  this 
■mage.  The  consequence  of  this  disposition  is,  that  the 
image  GF  produces  a  vertical  image  gf,  which  is  much  less 
convex  towards  the  glass.  He  then  places  a  lens  on  the 
point  C,  where  the  red  ray  would  cross  the  axis.  The  vio- 
let ray  will  pass  on  the  other  side  of  it.  If  the  focal  dis- 
tance of  this  glass  hej'c,  the  vision  will  be  distinct  and  free 
from  colour.  It  has,  however,  the  inconveniency  of  oblig-  - 
iog  the  eye  to  be  close  to  the  glass,  which  is  very  trouble- 
some. 

This  would  be  a  good  construction  for  a  magic- Jan  tern, 
or  for  the  object-glass  of  a  solar  microscope,  or  indeed  of 
any  compound  microscope. 

We  may  presume  that  the  reader  is  now  pretty  familiar 
With  tile  different  circumstances  which  must  be  considered 
in  the  construction  of  an  eye-piece,  and  proceed  to  consider 
those  which  must  be  employed  to  erect  the  object. 

This  may  be  done  by  placing  the  lens  which  receives  the 
light  from  the  object-glass  in  such  a  manner,  that  a  second 
image  (inverted  with  respect  to  the  first)  may  be  formed 
beyond  it,  and  this  may  be  viewed  by  an  eye-glass.  Such 
a  construction  is  represented  in  Fig.  23.  But,  besides  many 
other  defects,  it  tinges  the  object  prodigiously  with  colour. 
The  ray  o  d  is  dispersed  at  d  into  the  red  ray  d  r,  and  the 
violet  dv,  v  being  farther  from  the  centre  than  r,  the  re- 
fracted ray  v  zf  crosses  r  r'  both  by  reason  of  spherical  aber- 
ration, and  its  greater  refrangibility. 

But  the  common  day  telescope,  invented  by  F.  Rheita, 
has,  in  this  respect,  greatly  the  advantage  of  the  one  now 
described.  The.  rays  of  compound  light  are  dispersed. 
The  violet  ray  falls  without  the  red  ray,  but  is  ac- 
curately collected  with  it  at  the  focus  as  we  shall  de- 
monstrate by  and  by.  Since  they  cross  each  other,  the 
violet  ray  must  fall  within  the  red  ray,,  and  be  less  re- 
fracted than  if  it  had  fallen  on  the  same  point  with  the 
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red  ray.  Had  it  fallen  there  it  'would  Wve  separated  from 
it ;  but  by  a  proper  diminution  of  its  refraction,  it  is  kept 
parallel  to  it,  or  nearly  so.  And  this  is  one  excellence  of 
this  telescope ;  when  constructed  with  three  eye-glasses 
perfectly  equal,  'the  colour  'is  sensibly  diminished,  and  by 
using  an  eye-glass  somewhat  smaller,  it  may  be  removed 
entire'iy.— We  say  no  more  of  it  at  present,  "because  we  shall 
rind  its  'construction  iricl  aded  in  another,  which  is  still  more 
"perfect- 
It  is  evident  at  first  sight  that  this  telescope  may  be 
improved,  by  substituting  for  the  eye-glass,  the  Huyghe- 
hiaii  double  eye-glass,  or  field-glass  and  eye-glass  repre- 
sented in  Fig.  19.  and  Fig.  20 ;  and  that  the  first  of  these 
may  be  improved  and  rendered  achromatic.  This  will 
require  the  two 'glasses  efuulgh  to  be  increased  from 
their  present  dimensions  to  the  size  of  a  field-glass,  suited 
to  the  magnifying  power  of  tlie  telescope,  supposing  it  an 
astronomical  telescope.  Thus  we  shall  have  a  telescope  of 
four  eye-glasses.  The  three  first  will  be  of  a  considerable 
focal  distance,  and  two  of  'then)  will  have  a  common  focus 
at  b.  But  this  is  considerably  different  from  the  eye-piece 
of  four  glasses  which  are  now  used,  and  are  far  better.  We 
are  indebted  for  them  to  Mr  Dollond,  who  was  '^mathema- 
tician as  well  as  an  artist,  arid  in  the  course  of  his  research 
discovered '  resources  which  had  not  been  thought  of.  He 
had'  hot  then  discovered  the  achromatic  object-glass,  and 
was  busy  in  improving  the  eye-glasses  by  diminishing  their 
spherical  aberration.  His  first  thought  was  to  make  the 
Huyghenian  addition  at  both  the  images  of  the  day  tele- 
scope. This  suggested  to  him  the  following  eye-piece  of 
Aye  glasses. 

Fig.  24.  represents  this  eye-piece,  but  there  is  not  room 
for  the  object-glass  at  its  proper  distance.  A  pencil  of 
rays  coming  from  the  upper  point  of  the  object  is  made  to 
converge  (by  the  object-glass)  to  G>  where  it  would  form 
a  picture  of  that  part  of  the  object.     But  it  is  intercepted 
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by  the  lens  A  a,  and  its  axis  is  bent  towards  the  axis  of 
the  telescope  in  the  direction  a  b.  At  the  same  time,  the 
rays  which  converged  to  G  converge  to  g,  and  there  is 
formed  an  inverted  picture  of  the  object  at  gf.  The  axis 
of  the  pencil  is  again  refracted  at  b,  crosses  the  axis  of  the 
telescope  in  H,  is  refracted  again  at  c,  at  d,  and  at  <?,  and 
at  last  crosses  the,  axis  in  I.  The  rays  of  this  pencil,  di- 
verging from  g,  are  made  less  diverging,  and  proceed  as  if. 
they  came  from  g',  in  the  line  B  g  g'.'  The  lens  c  f  causes 
them  to  converge  to  g',  in  the  line  G"  C g.  The  lens  d  D 
makes  them  converge  stilt  inore  to  G",  and  there  they  form 
an  erect  picture  G"  F" ;  diverging  from  G",  they  are  ren- 
dered parallel  by  the  refraction  at  t. 

At  H  the  rays  are  nearly  parallel.  Had  the  glass  B  b 
been  a  little  farther  from  A,  they  would  have  been  accu- 
rately so,  and  the  object-glass,  with  the  glasses  A  and)  B, 
would  have  formed  an  astronomical  telescope  with  the  Huy- 
ghenian  eye-piece.  The  glasses  C,  D,  and  E,  are  intended, 
merely  for  bending  the  rays  back  again  till  they  again  cross 
the  axja  in  I.  The  glass  C  tends  chiefly  to  diminish  the 
great  angle  BHft ;  and  then  the  two  glasses  D  and  E  are 
another  Huyghenian  eye-piece. 

The  art  in  this  construction  lies  in  the  proper  adjustment 
of  the  glasses,  so  as  to  divide  the  whole  bending  of  the  pen- 
cil pretty  equally  among  them,  and  to  form  the  last  image 
in  the  focus  of  the  eye-glass,  and  at  a  proper  distance  from 
the  other  glass.  Bringing  B  nearer  to  A  would  bend  the 
pencil  more  to  the  axis.  Placing  C  farther  from  B  would 
do  the  same  thing ;  but  this  would  he  accompanied  with 
more  aberration,  because  the  rays  would  fall  at  a  greater 
distance  from  the  centres  of  the  lenses.  The  greatest  bend- 
ing is  made  at  the  £eld-glass  D ;  and  we  imagine  that  the 
telescope  would  be  improved,  and  made  more  distinct  at  the 
edges  of  the  field,  by  employing  another  glass  of  great  focal 
distance  between  C  and  p. 

There  is  an  image  formed  at  H  of  the  object-glasses,  and 
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the  whole  light  passes  through  a  small  circle  in  this  place. 
It  is  usual  to  put  a  plate  here  pierced  with  a  hole  which  has 
the  diameter  of  this  image.  A  second  image  of  the  object- 
glass  is  formed  at  J,  and  indeed  wherever  the  pencils  cross 
the  axis.  A  lens  placed  at  H  makes  no  change  in  any  of 
the  angles,  nor  in  the  magnifying  power,  and  affects  only 
the  place  where  the  images  are  formed.  And,  on  the  other 
hand,  a  lens  placed  aty,  or  F",  where  a  real  image  is  form- 
ed, makes  no  change  in  the  places  of  the  images,  but  affects 
the  mutual  inclination  of  the  pencils.  This  affords  a  re- 
source to  the  artist,  by  which  he  may  combine  properties 
which  seem  incompatible. 

The  aperture  of  A  determines  the  visible  field  and  all  the 
other  apertures. 

We  must  avoid  forming  a  real  image,  such  as  J"g,  or 
F"  G* ,  on  or  very  near  any  glass.  For  we  cannot  see  this 
image  without  seeing  along  with  it  eveiy  particle  of  dust 
and  every  scratch  on  the  glass.  We  see  them  as  making 
part  of  the  object  when  the  image  is  exactly  on  the  glass, 
and  we  see  them  confusedly,  and  so  as  to  confuse  the  ob- 
ject, when  the  image  is  near  it.  For  when  the  image  is  on 
or  very  near  any  glass,  the  pencil  of  light  occupies  a  very 
small  part  of  its  surface,  and  a  particle  of  dust  intercepts  a 
great  proportion  of  it. 

It  is  plain  that  this  construction  will  not  do  for  the  tele- 
scope  of  graduated  instruments,  because  the  micrometer  can- 
not be  applied  to  the  second  image  fg>  on  account  of  its 
being  a  little  distorted,  as  has  been  observed  of  the  Huyghe- 
nian  eye-piece. 

Also  the  interposition  of  the  glass  C  makes  it  difficult  to 
correct  the  dispersion. 

By  proper  reasoning  from  the  correction  in  the  Huyghe- 
nian  eye-piece,  we  are  led  to  the  best  construction  of  one 
with  three  glasses,  which  we  shall  now  consider,  taking  it 
in  a  particular  form,  which  shall  make  the  discussion  easy, 
and  make  us  fully  masters  of  the  principles  which  lead  to  a 
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better  form.  Therefore  let  PA  (Fig.  ^.)  be  the  glass  which 
first  receives  the  light  proceeding  from  the  usage  formed  by 
the  object-glass,  and  let  OP  be  the  axis  of  the  extreme  pen- 
cil. This  is  refracted  into  PR,  which  is  again  refracted 
into  H  r  by  the  next  lens  B  r.  Let  b  be  the  focus  of  pa- 
rallel rays  of  the  second  lens.  Draw  PB  r.  We  know  that 
AirAB-i  PB :  B  r,  and  that  rays  of  one  kind  diverging 
from  P  will  be  collected  at  r.  But  if  PR,  PV  be  a  red 
and  a  violet  ray,  the  violet  ray  will  be  more  refracted  at  V, 
and  will  cross  the  red  ray  in  some  intermediate  point  g  of 
the  fine  Rr.  If  therefore  the-firet  image  had  been  formed 
precisely  on  the  lens  PA,  we  should  have  a  second  image  at 
fg  free  from  all  coloured  fringes. 

If  the  refractions  at  P  and  H  are  equal  (as  in  the  common. 
day.  telescope),  the  dispersion  at  V  must  be  equal  to  that  at 
P,  or  the  angle  »Vr=  VPR.  But  we  have  ultimately 
RPV  :  R  r  V  =  BC  -.  AB,  (=  B  b  :  A  b  by  the  focal  theo- 
rem). Therefore  g  V r  :  g r  V  (org- r:g\,  orC/:/B) 
=  B  * :  A  6,  and  AB :  A  ©  a  R  r :  R  g. 

This  shows  by  the  way  the  advantage  of  the  common  day 
telescope.  In  this  AB  =  2  Aft,  and  therefore/is  the  place 
of  the  last  image  which  is  free  from  coloured  fringes.  But 
this  image  will  not  be  seen  free  from  coloured  fringes  through 
the  eye-glass  C  r,  if/"  be  its  focus :  For  had  g  r,  g  w*been 
both  red  rays,  they  would  have  been  parallel  after  refrac- 
tion ;  but  g  x>  being  a  violet  ray,  will  be  more  refracted.  It 
will  not  indeed  be  so  much  deflected  from  parallelism  as  the 
violet  ray,  which  naturally  accompanies  the  red  ray  to  r, 
because  it  falls  nearer  the  centre.  By  computation  its  dis- 
persion is  diminished  about  Tth. 

In  order  that  g  v  may  be  made  parallel  to  g  r  after  re- 
fraction, the  refraction  at  r  must  be  such  that  the  disper- 
sion corresponding  to  it  may  be  of  a  proper  magnitude. 
How  to  determine  this  is  the  question.  Let  the  dispersion 
at  g  be  to  the  dispersion  produced  by  the  refraction  at  r 
(which  is  required  for  producing  the  intended  magnifying 
1 
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power)  as  1  to  9-  Make  p  :.  1  =~/y  :/"  C,  ==/C  j  CD, 
and  draw  the  perpendicular  I>  r'  meeting  the  refracted  ray 
r  r"  in  r/,  Then  we  know  by  the  common  focal  theorem, 
that  iff  be  the  focus  of  the  lens  C  r,  red  rays  diverging 
from  g  will  be  united  in  f*.  But  the  violet  ray  g  v  will  be 
refracted  into  v  v  parallel  to  r  r>.  For  the  angle  v  f  r ; 
Dyr=(ultinMitely)/C:CD,==9:l.  Therefore  the  angle 
V  n  r  is  equal  to  the  dispersion  produced  at  f>  and  there, 
fare  equal  to  r'  v  if,  and  v  v  is  parallel  to  r  r\ 

But  by  this  we  have  destroyed  the  distinct  vision  of  the 
image  formed  ntj'g,  because  it  is  no  laager  at  the  focus  of 
the  eye-glass.  But  distinct  vision  will  be  restored  by  push- 
ing the  glasses  nearer  to  the  object-glass.  This  makes  the 
rays  of  each  particular  pencil  more  divergent  after  refrac- 
tion through  A,  but  scarcely  makes  any  change  in  the  di, 
motions  of  the  pencils  themselves.  Thus  the  image  comes 
'  to  the  focus./',  and  makes  no  sensible  change  in  the  duv 
perftons. 

In  the  common  day  telescope,  the  first  image  is  formed 
in  the  anterior  focus  of  the  first  eye-glass,  and  the  second 
iinage  is  at  the  anterior  focus  of  the  last  eye-glass.  If  we 
change  this  last  for  one  of  half  the  focal  distance,  and  push 
hi  the  eye-piece  till  the  image  formed  by  the  object-glass 
is  half  way  between  the  first  eye-glass  and  its  focus,  the 
last  image  will  be  formed  at  the  focus  of  the  new  eye- 
glass, and  the  eye-piece  will  be  achromatic.  This  is  easily 
seen  by  making  the  usual  computations  by  the  focal  theo- 
rem. But  the  visible  field  is  diminished,  because  we  can- 
not give  the  same  aperture  as  before  to  the  new  eye-glass ; 
but  we  can  substitute  for  it  two  eye-glasses  like  the  former, 
placed  close  together.  This  will  have  the  same  focal  dis- 
tance with  the  new  one,  and  will  allow  the  same  aperture 
that  we  had  before. 

On  these  principles  may  be  demonstrated  the  correction 
of  colour  in  eye-pieces  with  three  glasses  of  the  following 
construction : 
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Let  the  glasses  A  and  B4be  placed  bo  that  the  posterior 
focus  of  the  first  nearly  coincides  with  the  anterior  focus  of 
the  second,  or  rather  so  that  the  anterior  focus  of  B  may 
he  at  the  place  where  the  image  of  the  object-glass  is  form- 
ed, by  which  situation  the  aperture  necessary  for  transmit- 
ting the  whole  light  will  be  the  smallest  possible.  Place  the 
third  C  at  a  distance  from  the  second,  which  exceeds  the 
sum  of  their  focal  distances  by  a  space  which  is  a  third  pro- 
portional to  the  distance  of  the  first  and  second,  and  the  fo- 
cal distance  of  the  second.  The  distance  of  the  first  eye- 
glass from  the  objectglasf  must  be  equal  to  the  product  of 
the  focal  distance  of  the  first  and  second  divided  by  their 
sum.  ' 

Let  O  o,  A  a,  B  ft,  C  c,  the  focal  distances  of  the 
glassies,  be  O,  a,  h,  c.     Then  make  AB  =  a  +  inearfy; 

B C  =  o  +  c  +  rj- ;OA=  T37-.     The  amplification 
or   magnifying  power   will  be  =  ;    the  equivalent 

eye-glass  =  — r- ;   and  the  field  of  vision  =  5438'  x 

Aperture  of  A 
foe  dist  ob.  gl.' 

These  eye-pieees  will  admit  the  use  of  a  micrometer  at 
the  place  of  the  first  image,  because  it  has  no  distortion. 

Mr  Dollond  was  anxious  to  combine  this  achromatism  in 
the  eye-pieces  with  the  advantages  which  he  bad  found  in 
the  eye-pieees  with  five  glasses.  This  eye-piece  of  three 
glasses  necessarily  has  a  very  great  refraction  at  the  glass 
B,  where  the  pencil  which  has  come  from  the  other  side  of 
the  axis  must  be  rendered  again  convergent,  or  at  least  pa- 
rallel to  it.  This  occasions  considerable  aberrations.  This 
may  be  avoided  by  giving  part  of  this  refraction  to  a  glass 
put  between  the  first  and  second,  in  the  same  way  as  he 
has  done  by  the  glass  B  put  between  A  and  C  in  his  five- 
glass  eye-piece.    But  this  deranges  the  whole  process.    His 
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ingenuity,  however,  surmounted  this  difficulty,  and  he  made 
eye-pieces  of  four  glasses,  which  seem  as  perfect  as  can  be 
desired.  He  has  not  published  his  ingenious  investigation ; 
and  we  observe  the  London  artists  work  very  much  at  ran- 
dom, probably  copying  the  proportions  of  some  of  his  best 
glasses,  without  understanding  the  principle,  and  therefore 
frequently  mistaking.  We  see  many  eye-pieces  which  are 
far  from  being  achromatic.  We  imagine,  therefore,  that  it 
will  be  an  acceptable  tbing  to  the  artists  to  have  precise  in- 
structions how  to  proceed,  nothing  of  this  kind  having  ap- 
peared in  our  language,  and  the  investigations  of  Euler, 
D'Alembert,  and  even  Boscovicb,  being  so  abstruse  as  to  . 
be  inaccessible  to  all  but  experienced  analysts.  We  hope 
to  render  it  extremely  simple. 

It  is  evident,  that  if  we  make  the  rays  of  different  colours 
unite  on  the  surface  of  the  last  eye-glass  but  one,  common- 
ly called  the  field  glass,  the  thing  will  be  done,  because  the 
dispersion  from  this  point  of  union  will  then  unite  with  the 
dispersion  produced  by  this  glass  alone ;  and  this  increased 
dispersion  may  be  corrected  by  the  last  eye-glass  in  the  way 
already  shown. 

Therefore  let  A,  B  (Fig.  26.)  be  the  stations  which  we 
have  fixed  on  for  the  first  and  second  eye-glasses,  in  order 
to  give  a  proper  portion  of  the  whole  refraction  to  the  se- 
cond glass.  Let  b  be  the  anterior  focus  of  B.  Draw  FB  r 
through  the  centre  of  B.  Make  Ai:6B  =  AB:BK. 
Draw  the  perpendicular  K  r,  meeting  the  refracted  ray  in 
r.  We  know  by  the  focal  theorem,  that  red  rays  diverg- 
ing from  P  will  converge  to  r ;  but  the  violet  ray  PV,  be- 
ing more  refracted,  will  cross  R  r  in  some  point  g.  Draw- 
ing the  perpendicular^*;,  we  get^for  the  proper  place  of 
the  field-glass.  Let  the  refracted  ray  R  r,  produced  back- 
wards, meet  the  ray  OP  coming  from  the  centre  of  the  ob- 
ject-glass in  0.  Let  the  angle  of  dispersion  RPV  be  call- 
ed p,  and  the  angle'of  dispersion  at  V,  that  is,  r  V  v,  be  r, 
and  the  angle  V  r  R  be  r. 
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It  is  evident  that  OR :  OP  =  p :  v,  because  the  disper- 
sions are  proportional  to  the  sines  of  the  refractions,  which, 
in  this  case,  are  very  nearly  as  the  refractions  themselves. 

LMw('"'^!  «  fs)  *•■*-■■    Theot.= 

Ab 
mp  ;  alsoj>:r  =  BK:  AB,  =6B:  Aft,  and  r=p.    -sp 

or,  making  t=-t  =  n,r  =  np ;  therefore  v :  r  =  m : n3  = 
pB   Ab        ■  •• 

bB'-m=^:Ab-  .___ 

The  angle  JL  gY  =  gXr  +  grV  =  p.  m  +  n ;  and 
RgV:R,rv  =  Hr;'B.g,  arm  +  n:n  =  Tlr:'B.g,  and 

Kg  =  Br  — ^— .     But  Br  is  ultimately  =  BK  =  AB 

AB        AB      _       ,       _  AB  n  AB 

tt  — •     Therefore  R«=  X  — r— =  — — , 

Ab         n  °  n        tn  +  n      w»+n' 

AB 

"  m+n 

This  value  of  Bj'"  is  evidently  =  b  B  x  — R  .  .  t  ■ 
Now  b  B  being  a  constant  quantity  while  the  glass  B  is  the 

same,  the  place  of  union  varies  with      „  . — n.      If  we 

'  r  »B  4-  Aft 


and  By  = 


'  pB  +  A6' 

remove  B  a  little  farther  from  A,  we  increase  AB,  and  j>B, 
and  A  b,  each  by  the  same  quantity.  This  evidently  di- 
minishes J$f.  On  the  other  hand,  bringing  B  nearer  to  A 
increases  B^  If  we  keep  the  distance  between  the  glasses 
the  same,  but  increase  the  focal  distance,  4  B,  we  augment 
B_/i  because  this  change  augments  the  numerator  and  di- 
fcBxAB 
apB  +  Ab' 

In  this  manner  we  can  unite  the  colours  at  what  distance 
we  please,  and  consequently  can  unite  them  in  the  place  of 
the  intended  field-glass,  from  which  they  will  diverge  with 
an  increased  dispersion,  viz.  with  the  dispersion  competent 
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to  the  refraction  produced  there,  and  the  dispersion  p  x 
ra -t- n  conjoined. 

It  only  remains  to  determine  the  proper  focal  distances 
of  the  field-glass  and  eye-glass,  and  the  place  of  the  eye- 
glass, so  that  this  dispersion  may  be  finally  corrected- 

This  is  an  indeterminate  problem,  admitting  of  an  infi- 
nity of  solutions.  We  shall  limit  it  by  an  equal  division  of 
the  two  remaining  refractions,  which  are  necessary  in  or- 
der to  produce  the  intended  magnifying  power.  This  con- 
struction has  the  advantage  of  diminishing  the  aberration. 
Thus  we  know  the  two  refractions,  and  the  dispersion  com- 
petent to  each ;  it  being  nearly  „th  of  the  refraction.  Call 
this  a.  The  whole  dispersion  at  the  field-glass  consists  of 
q,  and  of  the  angle  K  g  V  of  Fig.  36,  which  we  also  know 
lobe-pxm+n.     Call  their  sum  t. 

Let  Fig.  27.  represent  this  addition  to  the  eye-piece. 
C  g  is  the  field-glass  coming  in  the  place  of/g  of  Fig. 
26.  and  Rgw  is  the  red  ray  coming  from  the  glass 
BR.  Draw  g  a  parallel  to  the  intended  emergent  pencil 
from  the  eye-glass;  that  is,  making  the  angle  C*£with 
the  axis  correspond  to  the  intended  magnifying  power. 
Bisect  this  angle  by  the  line  g  K.  Make  «  g:  gq  —  t-.q, 
and  draw  q  K,  cutting  C  g  in  t.  Draw  ( '  D,  cutting;  it  in 
',  and  the  axis  in  D.  Draw  '  d  and  D  r  perpendicular  to 
the  axis.  Then  a  lens  placed  in  D,  having  the  focal  dis- 
tance D  d,  will  destroy  the  dispersion  at  the  lens  g  e,  which 
refracts  the  ray  g  w  into  g  r. 

Let g v  be  the  violet  ray,  making  the  angle  Egr^*. 
It  is  plain,  by  the  common  optical  theorem,  that  g  r  will  be 
refracted  into  r  ¥  parallel  to )  D.  Draw  gDr*  meeting 
r  tJ,  and  join  v  r\  By  the  focal  theorem  two  red  rays  g  r, 
g  v,  will  be  united  in  r'.  But  the  violet  ray  g  v  will  be 
more  refracted,  and  will  take  the  path  v  if,  making  the 
angle  of  dispersion  r'  v  v  —  q,  very  nearly,  because  the  dis- 
persion at  v  docs  not  sensibly  differ  from  that  at  r.     Now, 
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in  the  small  angles  of  refraction  which  obtain  in  optical  in- 
struments, the  angles  r  r1  o,  r  g  r  are  very  nearly  as  g r  and 
rr',  orasyD  and  D^,  or  as  CD  andDT;  which,  by  the 
focal  theorem,  are  as  Crf  and  dD;  that  is,  Dd:dc  = 
rgvirrv.  But  Dd:  dC  =  D*:1*,  =  sg:gq,  = 
s:q.  But  rgv  =  t;  therefore r r* v  =  j,  =  r,rr',  and 
v  v'  is  parallel  to  rr',  and  the  whole  dispersion  at  g  is  cor- 
rected by  the  lens  D  r.  The  focal  distance  C  c  of  C  g  is 
'had  by  drawing  C  *  parallel  to  Kg,  meeting  "Rg  in  -,.and 
drawing  >  c  perpendicular  to  the  axis. 

It  is  easy  to  see  that  this  (not  inelegant)  construction  is 
not  limited  to  the  equality  of  the  refractions  wgr,  K  r  rJ. 
In  whatever  proportion  the  whole  refraction  w  g  a  is  divid- 
ed, we  always  can  tell  the  proportion  of  the  dispersions 
which  the  two  refractions  occasion  atg  and  r,  and  can  there- 
fore find  the  values  of  s  and  q.  Indeed  this  solution  in- 
cludes the  problem  in  p.  004 ;  but  it  had  not  occurred  to 
us  till  the  present  occasion.  Our  readers  will  not  be  dis- 
pleased with  this  variety  of  resource. 

The  intelligent  reader  will  see,  that  in  this  solution  some 
quantities  and  ratios  are  assumed  as  equal  which  are  not 
strictly  so,  in  the  same  manner  as  in  all  the  elementary  op- 
tical theorems.  The  parallelism,  however,  of  v  7/  and  r  r' 
may  be  made  accurate,  by  pushing  the  lens  D  r  nearer  to 
C  g,  or  retiring  it  from  it.  We  may  also,  by  pushing  it 
still  nearer,  induce  a  small  divergency  of  the  violet  ray,  so 
as  to  produce  accurate  vision  in  the  eye,  and  may  thus  make 
the  vision  through  a  telescope  more  perfect  than  with  the 
naked  eye,  where  dispersion  is  by  no  means  avoided.  It 
would  therefore  be  an  improvement  to  have  the  eye-glass 
in  a  sliding  tube  for  adjustment.  Bring  the  telescope  to  dis- 
tinct vision ;  and  if  any  colour  be  visible  about  the  edges 
of  the  field,  shift  the  eye-glass  till  this  colour  is  removed. 
The  vision  may  now  become  indistinct:  but  this  Is  correct- 
ed by  shifting  the  place  of  the  whole  eye-piece. 

We  have  examined  trigouometrically  the  progress  of  a 
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red  and  a  violet  ray  through  many  eye-pieces  of  Dollond's 
and  Ramsden's  best  telescopes ;  and  we  have  found  in  all 
of  them  that  the  colours  are  united  on  or  very  near  the 
field-glass ;  so  that  we  presume  that  a  theory  somewhat 
analogous  to  ours  has  directed  the  ingenious  inventors. 
We  meet  with  many  made  by  other  artists,  and  even  some 
of  theirs,  where  a  considerable  degree  of  colour  remains, 
sometimes  in  the  natural  order,  and  often  in  the  contrary 
order.  This  must  happen  in  the  hands  of  mere  imitators, 
ignorant  of  principle.  We  presume  that  we  have  now  made 
this  principle  sufficiently  plain. 

Fig.  28.  represents  the  eye-piece  of  a  very  fine  spy- 
glass by  Mr  Ramsden ;  the  focal  length  of  its  object- 
glass  is  Hi  inches,  with  lt'Dth  of  aperture,  £°  05'  of  visible 
field,  and  15,4  magnifying  power.  The  distances  and  fo- 
cal lengths  are  of  their  proper  dimensions,  but  the  aper- 
tures are  i  larger,  that  the  progress  of  a  lateral  pencil  might 
be  more  distinctly  drawn.  The  dimensions  are  as  follow : 
Foe.  lengths  Aa=0,0775  B6=l,025  Cc=l,01  Dd=0,  79 
Distances      AB^1,18      BC=1,83  CD=1,105. 

It  is  perfectly  achromatic,  and  the  colours  arc  united, 
not  precisely,  at  the  lens  C  g,  but  about  ,yh  of  an  inch 
nearer  the  eye-glass. 

It  is  obvious  that  this  combination  of  glasses  may  be 
used  as  a  microscope ;  for  if,  instead  of  the  image  formed 
by  the  object-glass  at  FG,  we  substitute  a  small  object,  il- 
luminated from  behind,  as  in  compound  microscopes ;  and 
if  we  draw  the  eye-piece  a  very  small  way  from  this  object, 
the  pencils  of  parallel  cays  emergent  from  the  eye-glass  D 
will  become  convergent  to  very  distant  points,  and  will 
there  form  an  inverted  and  enlarged  picture  of  the  object, 
which  may  be  viewed  by  a  Huyghenian  eye-piece;  and 
we  may  thus  get  high  magnifying  powers  without  using 
very  deep  glasses.  We  tried  the  eye-piece  of  which  we 
have  given  the  dimensions  in  this  way,  and  found  that  it 
might  be  made  to  magnify  180  times  with  very  great  dis- 
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tmctness.  When  used  as  the  magnifier  of  a  solar  micro- 
scope, it  infinitely  surpasses  every  thing  we  have  ever  seen. 
The  picture  formed  by  a  solar  microscope  is  generally  so 
indistinct,  that  it  is  fit  only  for  amusing  ladies ;  but  with 
this  magnifier  it  seemed  perfectly  sharp.  We  therefore 
recommend  this  to  the  artists  as  a  valuable  article  of  their 
trade. 

The  only  thing  which  remains  to  be  considered  in  the 
theory  of  refracting  telescopes  is  the  forms  of  the  different 
lenses.  Hitherto  we  have  had  no  occasion  to  consider  any 
thing  but  their  focal  distances ;  but  their  aberrations  de- 
pend greatly  on  the  adjustments  of  their  forms  to  their  si- 
tuations. When  the  conjugate  focuses  of  a  lens  are  deter* 
mined  by  the  service  which  it  is  to  perform,  there  is  a  cer- 
tain form  or  proportion  between  the  curvatures  of  their  an- 
terior and  posterior  surfaces,  which  will  make  their  aberra- 
tions the  smallest  possible. 

It  is  evident  that  this  proportion  is  to  be  obtained  by 
making  the  fluxion  of  the  quantity  within  the  parenthesis 
in  the  formula  of  page  442,  line  12,  equal  to  nothing. 
When  this  is  done,  we  obtain  this  formula  for  a,  the.  ra- 
dius of  curvature  for  the  anterior  surface  of  a  lens.     — 

2w',+«i         4m. -4-4  " 

=  gm  +  4  +  W(m  +  4 j  ?  W  "*  a  Vle  tttbo. *  the 

sine  of  incidence  to  the  sine  of  refraction,  and  r  is  the  dis- 
tance of  the  focus  of  incident  rays,  positive  or  negative,  ac- 
cording as  they  converge  or  diverge,  all  measured  on  a 
scale  of  which  the  unit  is  n,  —  half  of  the  radius  of  the 
equivalent  isosceles  lens.' 

It  will  be  sufficiently  exact  for  our  purpose  to  suppose 

t»  =  -ai  though  it  is  more  nearly  — .     In  this  case  — 

_  b       10  _43r  +  70  49r  * 

-7  -  7r>~-4lTr—      Therefore  °  =   427+70, 

And  -r  = 1.  = 

o         a  '  a 
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As  an  example,  let  it  be  required  to  giw  the  radii  of 
curvature  in  inches  fbrgthe  eye-glass  b e  of  page  488,  which 
we  shall  suppose  of  1£  inches  focal  distance,  and  that 
ec(=r)'a  Sjth  inches. 

The  radius  of  curvature  for  the  equivalent  isosceles  less 

is  1,5,  and  its  half  is  0,75.     Therefore  r  =  -t-|jj,   =  5; 

,  -        .     .  49x5  845         Aowe 

and  our  formula  is  a  =  iix3  +  w  =  ■&$>  =  0,875; 

.    1        1  —  a         0,125        .  ,        0,875 

and  T  =  -T~>  =  W  "*  h  =  "07H5'  =  r 

These  values  are  parts  of  a  scale,  of  which  the  unit  is 
0,75  inches.     Therefore 

o,  in  inches,  =  0,875  x  0,T5,  =  0,66525 
b,  in  inches,  =  7  x  0,75,         =  5,«5. 
And  here  we  must  observe   that  the  posterior  surface  is 
concave :  for  b  is  a  positive  quantity,  because  1  —  a  is  a 
positive  quantity  as  well  as  a ;  therefore  the  centre  of  sphe- 
ricity of  both  surfaces  lies  beyond  the  lens. 

And  this  determination  is  not  very  different  from  the 
usual  practice,  which  commonly  makes  this  lens  a  plane 
convex  with  its  flat  side  next  the  eye :  and  there  will  not 
be  much  difference  in  the  performance  of  these  two  lenses ; 
for  in  all  cases  of  maxima  and  minima,  even  a  pretty  con- 
siderable change  of  the  best  dimensions  does  not  make  a 
sensible  change  in  the  result. 

The  same  consideration  leads  to  a  rule  which  is  very 
simple  and  sufficiently  exact  for  ordinary  situations.  This 
is  to  make  the  curvatures  such)  that  the  incident  and  emer- 
gent pencils  may  be  nearly  equally  inclined  to  the  surfaces 
of  the  lensi  Thus  in  the  eye-piece  with  five  glasses,  A 
and  B  should  be  most  convex  on  their  anterior  sides ;  C 
should  be  most  convex  on  the  posterior  side ;  D  should  be 
nearly  isosceles ;  and  E  neatly  plano-convex. 

But  this  is  not  so  easy  a  matter  as  appear*  at  first  sight 
The  lenses  of  an  eye-piece  have  not  only  to  bend  the  seve- 
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ttl  pencils  of  light  to  and  from  the  axis  of  the  telescope- 
they  have  also  to  form  images  on  the  axis-of  %hese  pencils. 
These  offices  frequently  require  opposite  forms.  Thus"the 
glass  A  of  Pig.  08.  should  be  most1  convex  on  the  side  next 
the  object,  that  it  may  produce  hale  distortion'  of  the  pen- 
rite.  But  it  should  be  most  -convex  next  ■  the  eye,  that  it 
may  produce  distinct  vision  of  the  image  FG,- which  is  very 
near  it.  This  image  should  hare  its  concavity  turned  to- 
wards A,  whereas  it  is  towards  the  object-glass.  We  must 
therefore  endeavour  to  make  the  vertical  image  fg  natter, 
or  even  convex.  This  requires  a  glass  very  flat' before, 
and  convex  behind.  For  similar  reasons  the  object-glass 
of  a  microscope  and  the  simple  eye-glass  of  an  astronomi- 
cal telescope  should  be  formed  the  same  way. 

This  is  a  subject  of  most  difficult  discussion,  and  requires 
a  theory  which  few  of  our  readers  would  relish ;  nor  does 
our  limits  afford  room  for  it.  The  artists  are  obliged  to 
grope  their  way.  Theproper  method  of  experiment  would 
be,  to  make  eye-piecesof  large  dimensions,  with  extrava- 
gant apertures  to  increase  the  aberrations,  and  to  provide 
for  each  station  A,  B,  C,  andD,  a  number  of  lenses  of  the 
same  focal  distance,  but  of  different  forms :  and  we  would 
advise  making  the  trial  in  the  way  of  a  solar  microscope, 
and  to  have  two  eye-pieces  on  trial  at  once.  Their  pic- 
tures can  be  formed  on  the  same  screen,  and  accurately 
compared  ;  whereas  it  is  difficult  to  keep  in  remembrance 
the  performance  of  one  eye-piece,  and  compare  it  with  an- 
other. 

We  have  now  treated  the  theory  of  refracting  telescopes 
with  considerable  minuteness,  and  have  perhaps  exceeded 
the  limits  which  some  readers  may  think  reasonable.  But 
we  have  long  regretted  that  there  is  not  any  theory  on  this 
subject  from  which  a  curious  person  can  learn  the  improve- 
ments which  have  been  made  since  the  time  of  Dr  Smith, 
or  an  artist  leam  how  to  proceed  with  intelligence  in  his 
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profession.  If  we  have  ■cooaiphAtd  either  of  these  and*, 
«6  trust  tbtt  tbe  public  will  receive  our  labours  wish  satis- 
faction. 

We  cannot  add  any  thing  to  what  Dr  Smith  has  delivef- 
ed  oa  the  theory  of  infecting  telescopes  These  appears 
(obe  tbe  same  possibility  of  correcting  the  aberration  of  the 
great  speculum  by  tbe  coutiary  aberration  of  a  convex  sraan 
speculum,  that  we  here  practised  in  the  compound,  object- 
glass  of  an  achromatic,  refractiag  telescope.  But  this  caa- 
Bot  be,  unlets  we  make  the  radius  of  the  convex  speeurun 
exceedingly  large,  which  destroys  the  magnifying  power 
aud  tbe  brightness.  This  therefore  must  be  given  up.  In- 
deed their  performance,  when  well  executed,  does  already 
surpass  all  imagination.  Dr  Herschel  baa  found  great  ad- 
vantages in  what  he  colls  the  front  view,  not  using  a  plane 
mirror  to  throw  the  pencils  to  one  side.  But  this  oanaot 
be  practised  in  any  but  telescopes  so  large,  that  the  tasa  of* 
light,  occasioned  by  tbe  interposition  of  the  observer's 
head,  may  be  disregarded 

Nothing  remains  but  to  describe  tbe  lueciiauiam  of  some 
of  the  most  convenient  forms. 

To  describe  all  the  varieties  of  shape  and  accommoda- 
tion which  may  be  given  to  a  telescope,  would  be  a  task  as 
trifling  as  prolix.  The  artists  of  London  and  of  Paris  have 
racked  their  inventions  to  please  every  fancy,  and  to  suit 
every  purpose.  We  shall  content  ourselves  with  a  few  ge- 
neral maxims,  deduced  from  the  scientific  consideration  of 
a  telescope,  as  an  instrument  by  which  the  visual  angle 
Bubtended  by  a  distinct  object  is  greatly  magnified. 

The  chief  consideration  is  to  have  a  steady  view  of  the 
distant  object.  This  is  unattainable,  unless  the  axis  of  the 
instrument  be  kept  constantly  directed  to  tbe  same  point  of 
it :  for  when  tbe  telescope  is  gently  shifted  from  Us  posi- 
tion, the  object  teems  to  mow  in  tbe  same  or  in  the  oppo- 
site direction,  according  as  the  telescope  inverts  the  object 
or  shows  it  erect.     This  is  owing  to  the  magnifying  power. 


because  the  apparent  angular  motion  is  greater  than  what 
we  naturally  connect  with  the  motion  ef  the  telescope. 
This  decs  not  happen  when  we  look  through  a  tube  with* 
out  glasses. 

All  shaking  ef  the  instrument  therefore  makes  the  object 
•ance  before  the  eye;  and  this  a  disagreeable,  and  hinders 
us  from  ageing  it  distinctly.  But  a  tremulous  motion,  how- 
ever small,  is  infinitely  more  prejudicial  to  the  performance 
of  a  telescope,  by  making  the  object  quiver  before  us.  A 
person  walking  hi  the  room  prevents  us  from  seeing  dis- 
tinctly ;  nay,  the  very  pulsation  in  the  body  of  the  observer 
agitates  the  floor  enough  to  produce  this  effect,  when  the 
telescope  has  a  great  magnifying  power :  For  the  visible  mo- 
tion of  the  object  is  then  an  imperceptible  tremor,  like  that 
of  an  hsXpakhord  wire,  which  produces  an  effect  precisely 
similar  to  optical  indistinctness ;  and  every  point  of  the  ob- 
ject b  diffused  over  the  whole  apace  of  the  angular  tremor, 
and  appears  coexistent  in  every  part  of  this  apace,  just  as  a 
harpsichord  wire  does  while  it  is  sounding.  The  more  rat- 
rod  this  motion  is,  the  indistinctness  is  the  more  complete. 
Therefore  the  more  firm  and  elastic  and  well  bound  toge- 
ther the  frame-work  and  apertures  of  our  telescope  is,  the 
more  hurtful  will  this  consequence  be.  A  mounting  of 
land,  were  it  practicable,  would  be  preferable  to  wood,  iron, 
or  brass.  This  is  one  great  cause  of  the  indistinctness  of 
the  very  finest  reflecting  telescopes  of  the  usual  construc- 
tions, and  can  never  be  totally  removed.  In  the  Gre- 
gorian form,  it  is  hardly  possible  to  damp  the  elastic  tre- 
mor of  the  small  speculum,  carried  by  an  arm  supported  at 
one  end  only,  even  though  the  tube  were  motionless.  We  . 
were  witnesses  of  a  great  improvement  made  on  a  four-feet 
reflecting  telescope,  by  supporting  the  small  speculum  by 
n  strong  plate  of  lead  placed  across  the  tube,  and  led  by  an 
adjusting  screw  at  each  end.  But  even  the  great  rah-ray/' 
may  vibrate  enough  to  produce  indistinctness.  Refract- 
ing telescopes  are  free  from  this  roconveDiency,  because  a 
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mall  angular  motion  of  the  object  glass  round  one  of  ki 
own  diameters  has  no  sensible  effect  on  tie  image  in  its 
focus.  They  are  affected  only  by  an  angular  motion  of  die 
axis  of  the  telescope  or  of  the  eye-glasses. 

This  single  consideration  gives  as  great  help  towards 
jadging  of  the  merits  of  any  particular  apparatus  We 
should  study  it  in  this  particular,  and  see  whether  its  fomi 
makes  the  tube  readily  susceptible  of  such  tremulous  mo- 
rions. If  it  does,  the  firmer  it  is,  and  the  more  elastic  it  is, 
die  worse.  All  forms  therefore  where  the  tube  is  supported 
only  near  the  middle,  or  where  the  whole  immediately  or 
remotely  depend  on  one  narrow  joint,  are  defective. 

Reasoning  in  this  way,  we  say  with  confidence,  that  of 
all  the  forms  of  a  telescope  apparatus,  the  old-fashioned 
simple  stand  represented  in  Fig.  29.  is  by  far  the  best,  and 
that  others  are  superior  according  as  the  disposition  of  the 
points  of  support  of  the  tube  approaches  to  this.  Let  the 
pivots  A,  B,  be  fixed  in  the  lintel  and  sole  of  a  window. 
Let  the  four  braces  terminate  very  near  to  these  pivots. 
Let  the  telescope  Be  on  the  pin  F/,  resting  on  the  shoulder 
round  the  eye-piece,  while  the  far  end  of  it  rests  on  one  of 
the  pins  1,  2,  3,  &c. ;  and  let  the  distance  of  these  pins 
from  F  very  little  exceed  the  length  of  the  telescope.  The 
trembling  of  the  axis,  even  when  considerable,  cannot  af- 
fect the  position  of  the  tube,  because  the  braces  terminate 
almost  at  the  pivoti.  The  tremor  of  the  brace  CD  dees 
as  little  harm,  because  it  is  nearly  perpendicular  to  the 
tube.  And  if  the  object-glass  were  close  at  the  upper 
supporting  pin,  and  the  focus  at  the  lower  pin  F,  even  toe 
bending  and  trembling  of  the  tube  will  have  no  effect  on 
its  optical  axis.  The  instrument  is  only  subject  to  hori- 
zontal tremors.  These  may  be  almost  annihilated  by  hav- 
ing a  slender  rod  coming  from  a  hook's  joint  in  the  side  of 
the  window,  and  passing  through  such  another  joint  dose 
by  the  pin  F.  We  have  seen  an  instrument  of  this  form, 
having  AB  parallel  to  the  earth's  axis.     The  whole  ap- 
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paratus  did  not  cut  50  shillings,  and  we  find  it  not  in  the 
least  sensible  manner  affected  by  a  storm  of  wind.  It  was 
by  observations  with  this  instrument  that  the  tables  of  the 
motions  of  the  Georgium  Sid  us,  published  in  the  Edinburgh 
Transactions,  were  constructed,  and  they  are  as  accurate 
as  any  that  have  yet  appeared.  This  is  an  excellent  equa- 
.    tarlal:  ' 

But  this  apparatus  is  not  portable,  and  it  is  sadly  defi- 
cient in  elegance.  The  following  is  the  best  method  we  have 
awn  of  combining  these  circumstances  with  the  indispens- 
able requisities  of  a  good  telescope. 

The  pillar  VX  (Fig.  SO.)  rises  from  a  firm  stand,  and 
has  a  horizontal  motion  round  a  cone  which  completely  fills 
it  This  motion  is  regulated  by  a  rack-work  in  the  box 
at  V.  The  screw  of  this  rack-work  is  turned  by  means  of 
the  handle  P,  of  a  convenient  length,  and  the  screw  may 
be  disengaged  by  the  click  or  detent  V,  when  we  would 
turn  the  instrument  a  great  way  at  once.  The  telescope 
has  a  vertical  motion  round  the  joint  Q  placed  near  the 
middle  of  the  tube:  The  lower  end  of  the  tube  is  sup- 
ported by  the  stay  OT.  This  consists  of  a  tube  RT, 
fastened  to  the  pillar  by  a  joint  T,  which  allows  the  stay 
to  move  in  a  vertical  plane.  Within  this  tube  slides  ano- 
ther, with  a  stiff  motion.  This  tube  is  connected  with  the 
uuescope  by  another  joint  O,  also  admitting  motion  in  a 
vertical  plane.  The  aide  M  of  this  inner  tube  is  formed 
into  a  rack)  in  which  works  a  pinion  fixed  to  the  top  of  the 
tube  HT,  and  turned  by  the  flat  finger-piece  R.  The 
reader  will  readily  see  the  advantages  and  the  remaining 
defects  of  this  apparatus.  It  is  very  portable,  because  the 
telescope  is  easily  disengaged,  from  it,  and  the  legs  and 
stay  fold  up.  If  the  joint  Q  were  immediately  under  A, 
it  would  be  much  freer  from  all  tremor  in  the  Vertical  plane. 
But  nothing  can  hinder  other  tremors  arising  from  the  long 
pajor:aad  the. three. springy  legs.  These  communicate  all 
e^tesnal  agitations.,  with  great  vigours    .The  instrument 
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should  be  set  on  a  stone  pedestal,  or,  what  is  better,  m  cask 
filled  with  wet  sand.  This  pedestal,  which  necessity  per- 
haps suggested  to  our  acie«tific  navigators,  ia  the  beat  that 
can  be  imagined. 

Fig.  81.  is  the  stand  usually  given  to  reflecting  tele- 
scopes. The  vertical  tube  FBG  is  fastened  to  the  tube  by 
finger-screws,  which  pass  through  the  slits  at  F  and  Q.  ■ 
This  arch  turns  round  a  joint  in  the  head  of  the  divided 
pillar,  and  has  its  edge  cut  into  an  oblique  rack,  which  is 
acted  on  by  the  horizontal  screw,  furnished  with  the 
finger-piece  A.  This  screw  turns  in  a  horisontal  square 
frame.  This  frame  turns  round  a  horizontal  joint  in  the 
off  side,  which  cannot  be  seen  in  this  view.  In  the  side 
of  this  frame  next  the  eye  there  is  a  finger-screw  a,  which 
passes  through  the  frame,  and  presses  on  the  round  hori- 
Bontal  plate  D.  By  screwing  down  this  finger-screw,  the 
frame  is  brought  up,  and  presses  the  horizontal  screw  to 
the  rack.  Thus  the  elevation  of  the  telescope  is  fixed,  and 
may  be  nicely  changed  by  the  finger  applied  to  A  and  turn- 
ing this  screw.  The  horizontal  round  plate  D  moves  stiff' 
ly  round  on  another  plate  of  nearly  equal  diameter.  This 
under  plate  has  a  deep  conical  hollow  socket,  which  is  nice- 
ly fitted  by  grinding  to  a  solid  cone  formed  on  the  top  of 
the  great  upright  pillar,  and  they  may  be  firmly  fixed  in 
any  position  by  the  finger-screw  E.  To  the  under  plate 
is  fastened  a  box  c,  containing  a  horizontal  screw  C,  which 
always  works  in  a  rack  cut  in  the  edge  of  the  upper  plate, 
and  cannot  be  disengaged  from  it  When  a  great  vertical 
or  horisontal  motion  is  wanted,  the  screws  a  and  E  are 
slacked,  and  by  tightening  them  the  telescope  may  be  fixed 
in  any  position,  and  then  any  small  movements  may  be 
given  it  by  the  finger  plates  A  and  C. 

This  stand  is  very  subject  to  brisk  tremor,  either  from 
external  agitation  of  the  pedestal,  or  from  the  immediate 
action  of  the  wind ;  and  we  have  seldom  seen  distinctly 
through  telescopes  mounted  in  this  nunner,  till  one  end  of 
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the  ttOte  was  pressed  against  something  that  was  very  steady 

and  unelattic.  It  ia  quite  astonishing  what  a  change  this 
produce*.  We  took  a  very  fine  telescope  made  by  James 
Short,  aad  laid  the  tube  on  a  great  lump  of  soft  clay,  press- 
ing it  firmly  down  into  it..  Several  persona,  ignorant  of 
our  purpose,  looked  through  it,  and  read  a  table  of  logar- 
ithmsatthe  diatanceof  S10  yards.  We  then  put  the  te- 
lescope on  its  stand,  and  pointed  it  to  the  same  object; 
now  of  the  company  could  read  at  a  greater  distance  than 
iiSSyards,  although ithey  could  perceive  no  tremor.  They 
thought  the  vision  as  sharp  aa  before ;  but  the  incontro- 
vertible proof  of  the  contrary  was,  that  they  could  not  road 
at  aueh  a  distance. 

If  the  round  plates  were  of  much  greater  dimensions ; 
and  if  the  lower  one,  instead  of  being  fixed  to  the  pillar , 
were  supported  on  (bur  stout  pillars  standing  on  another 
plate;  and  if  the  vertical  arch  bad  a  horizontal  axis  turning 
or  two  upright  frames  firmly  fixed  to  the  upper  plate-— 
the  instrument  would  be  milch  freer  from  tremor.  Such 
stands  were  made  formerly ;  but  being  much  more  bulky 
and  inconvenient  for  package,  they  have  gone  into  disuse. 

The  high  magnifying  powers  of  Dr  Herscbel's  telescopes 
made  all  the  usual  apparatus  for  their  support  extremely 
imperfect  But  his  judgment,  and  his  ingenuity  and  fer- 
tility in  resource,  are  as  eminent  as  his  philosophical  ardour. 
He  has  contrived  for  his  reflecting  telescopes  stands  which 
have  every  property  that  can  be  desired.  The  tubes  are 
all  supported  at  the  two  ends.  The  motions!  both  vertical 
and  horizontal,  are  contrived  with  the  utmost  simplicity 
and  firmness.  We  cannot  more  properly  conclude  this 
article,  than  with  a  description  of  his  40-feet  telescope,  the 
noblest  monument  of  philosophical  zeal  and  of  princely 
munificence  that  the  world  can  boast  of. 

Fig.  32.  represents  a  view  of  this  instrument  in  a  me. 
ridional  situation,  as  it  appears  when  seen  from  a  conve- 
nient distance  by  a  person  placed  U>  the  south-west  of  it. 
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The  foundation  in  the  ground  (smarts  of  two  cdnoettbic 
circular  brick  walls,  the  outermost  of  which-  is  42  feet  in 
diameter,  and  the  inside  one  21  feet  They  are  two  feet 
six  inches  deep  under  ground ;  two  feet  three  inches  broad 
at  the  bottom,  and  one  foot  two  inches  at  the  top ;  and  are 
capped  with  paving  stones,  about  three  inches  thick,  .and 
twelve  and  three  quarters  broad.  The  bottom  frame  of 
the  whole  apparatus  rests  upon  these  two  walls  by  twenty 
concentric  rollers  I,  I,  I,  and  is  moveable  upon  a  pivot, 
which  gives  a  horizontal  motion  to  the  whole  apparatus,  as 
well  as  to  the  telescope. 

The  tube  of  the  telescope  A,  though  very  simple  in  its 
form,  which  is  cylindrical,  was  attended  with  great  difficul- 
ties in  the  construction.  This  is  not  to  be  wondered  at, 
when  its  size,  and  the  materials  of  which  it  is  made,  are 
considered.  Its  length  is  39  feet  four  inches ;  it  measures 
four  feet  ten  inches  in  diameter ;  and  every  part  of  it  is  of 
iron.  Upon  a  moderate  computation,  the  weight  of  a 
wooden  tube  must  have  exceeded  an  iron  one  at  least  8000 
pounds ;  and  its  durability  would  have  been  far  inferior  to 
that  of  iron.  It  is  made  of  rolled  or  sheet  iron,  which  has 
been  joined  together  without  rivets,  by  a  kind  of  seaming 
well  known  to  those  who  make  iron-funnels  for  stoves. 

Very  great  mechanical  skill  is  used  in  the  contrivance  of 
the  apparatus  by  which  the  telescope  is  supported  and  di- 
rected. In  order  to  command  every  altitude,  the  point  of 
support  is  moveable ;  and  its  motion  is  effected  by  mecha- 
nism, so  that  the  telescope  may  be  moved  from  its  most 
backward  point  of  support  to  the  most  forward,  and,  by 
means  of  the  pulleys  GG  suspended  from  the  great  beam 
H,  be  set  to  any  altitude,  tip  to  the  very  zenith.  The 
tube  is  also  made  to  rest  with  the  point  of  support  in  a  pi- 
vot, which  permits  it  to'be  turned  side  wise. 

The  concave  face  of  the  great  mirror  is  48  inches  of  po- 
lished surface  in  diameter.  The  thickness,  which  is  equal 
in  every  part  of  it,  remains  now  about  three  mcbes  and  a 
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half;  audits  weight,  when  it  came  from  thecast,  was  !ell8 
pounds,  of  which  it  must  have  lost  a  small  quantity  in  po- 
lishing. To  put  this  speculum  into  the  tube,  it  ia  suspend- 
ed vertically  by  a  crane  in  the  laboratory,  and  placed  on  a 
small  narrow  carriage,  which  -«  drawn  out,  rolling  upon 
plants,  tiU.it  cornea  near  the  back  of  the  tube ;  here- it- 
is  again  suspended  and  placed  in  the  tube  by  a  peculiar  ap- 


The  method  of  observing  by  this  telescope  is  by  what 
Dr  Herschel  calls  thejront  view ;  the  observer  being  placed 
in  a  seat  C,  suspended  at  the  end  of  it,  with  his  back  to- 
wards the  object  he  views.  There  is  no  small  speculum, 
but  the  magnifiers  are  applied  immediately  to  the  first  focal 
image. 

From  the  opening  of  the  telescope,  near  the  place  of  the 
eye-glass,  a  speaking  pipe  runs  down  to  the  bottom  of  the 
tube,  where  it  goes  into  a  turning  joint ;  and  after  several 
other  inflections,  it  at  length  divides  into  two  branches,  one 
going  into  the  observatory  D,  and  the  other  into  the  work- 
room E.  By  means  of  the  speaking  pipe  the  communica- 
tions of  the  observer  are  conveyed  to  the  assistant  in  the 
observatory,  and  the  workman  is  directed  to  perform  the 
required  motions. 

Ia  the  observatory  is  placed  a  valuable  sidereal  time- 
piece, made  by  Mr  Shelton.  Close  to  it,  and  of  the  same 
height,  is  a  polar  distance-piece,  which  has  a  dial-plate  of 
the  same  dimensions  with  the  time-piece :  this  piece  may 
be  made  to  show  polar  distance,  zenith  distance,  declina- 
tion or  altitude,  by  setting  it  differently.  The  time  and 
polar  distance  pieces  are  placed  so  that  the  assistant  sits 
before  them  at  a  table,  with  the  speaking-pipe  rising  be- 
tween them ;  and  in  this  manner  observations  may  be  writ- 
ten down  very  conveniently. 

This  noble  instrument,  with  proper  eye-glasses,  mag- 
nifies above  6000  times,  and  is  the  largest  that  has  ever 
been  made.     Such  of  our  readers  as  wish  for  a  fuller  ac- 
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oatat  cf  tbm  machinery  MUdud  to  it,  vis.  the  atain,  hd> 
den,  and  platform  B,  my  ham  ramus*  to  the  second  part 
of  the  Tfrrirw  of  die  Boyal  Society  for  1796;  it 
whasfa,  by  means  of  18  plates  and  68  pages  of  k 
an  ample  detail  ia  gtm  of  every  c 
joiner's  work,  carpenter's  work,  and  snath1!  work,  whieh 
attended  das  forsoation  and  erection  of  thai  teleaoepe.  It 
was  completed  on  August  the  38th,  1789,  and  on  the  caw* 
day  was  the  sixth  attellite  of  Saturn  diaoowed. 
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PNEUMATICS. 


1.  This  term  is  restricted,  in  the  present  habits  of  our  lan- 
guage, to  that  part  of  natural  philosophy  which  treats  of 
the  mechanical  properties  of  elastic  fluids.  The  word,  in 
its  original  meaning,  expresses  a  quality  of  air,  or,  more 
properly,  of  breath. 

it.  We  have  extended  (on  the  authority  of  present  cus- 
tom) the  term  Pneumatics  to  the  study  of  the  mechanical 
properties  of  all  elastic  or  sensibly  compressible  fluids,  that 
is,  of  fluids  whose  elasticity  and  compressibility  become  an 
interesting  object  of  our  attention ;  as  the  term  Hydro- 
statics  is  applied  to  the  study  of  the  mechanical  proper- 
ties of  such  bodies  as  interest  us  by  their  fluidity  or  liquid- 
ity only,  or  whose  elasticity  and  compressibility  are  not 
familiar  or  interesting,  though  not  less  real  or  general  than 
in  the  case  of  air  and  all  vapours, 

3.  Of  all  the  sensibly  compressible  fluids  air  is  the  most 
familiar,  was  the  first  studied,  and  the  most  minutely  exa- 
mined. It  has  therefore  been  generally  taken  as  the  ex- 
ample of  their  mechanical  properties,  while  those  mechani- 
cal properties  which  are  peculiar  to  any  of  them,  and  there- 
fore characteristic,  have  usually  been  treated  as  an  appen- 
dix to  the  general  science  of  pneumatics.    No  objection  oc- 

3,gitized9y  G00g[e 


584  pMXinuTtcs. 

curs  to  ui  against  this  method,  which  will  therefore  be 
adopted  in  treating  this  article. 

4.  But  although  the  mechanical  properties  are  the  por- 
per  subjects  of  our  consideration,  it  will  be  importable  to 
avoid  considering  occasionally  properties  which  are  more 
of  a  chemical  nature ;  because  they  occasion  such  modifi- 
cations of  tbe  mechanical  properties  as  would  frequently 
be  unintelligible  without  considering  them  in  conjunction 
with  the  other;  and,  on  the  other  hand,  the  mechanical 
properties  produce  such  modifications  of  tbe  properties 
merely  chemical,  and  of  very  interesting  phenomena  con- 
sequent on  them,  that  these  would  often  pass  unexplained 
unless  we  give  an  account  of  them  in  this  place. 

5.  By  mechanical  properties  we  would  be  understood  to 
mean  such  as  produce,  or  are  connected  with,  sensible 
changes  of  motion,  and  which  indicate  the  presence  and 
agency  of  moving  or  mechanical  powers.  They  are  there- 
fore the  subject  of  mathematical  discussion  ;  admitting  of 
measure,  number,  and  direction,  notions  purely  mathema- 
tical.. 

We  shall  therefore  begin  with  the  consideration  of  air. 

6.  It  is  by  no  means  an  idle  question,  "  What  is  this  air 
of  which  so  much  is  said  and  written  ?"  We  see  nothing, 
we  feel  nothing.  We  find  ourselves  at  liberty  to  move 
about  in  any  direction  without  any  let  or  hioderance. 
Whence,  then,  the  assertion,  that  we  are  surrounded  with 
a  matter  called  air  ?  A  few  very  simple  observations  and 
experiments  will  show  us  that  this  assertion  is  well-found- 

.  7.  We  are  accustomed  to  say,  tha$a  vessel  is  empty  when 
we  have  poured  out  of  it  the  water,  which  it  contained.  Take 
a, cylindrical  glass,  jar  (Plate  IX-  Fig.  1.),  having  a  small 
tyusn^V!^  bp110!11 '  $"d  having  stopped  this  hole,  fill  the  jar 
with|j«(ater,,.and  then  pour  out  the  water,  leaving  the  glass 
empty,  ,in  the  common  acceptation  of  the  word.  Now, 
throw  a  bit  of  cork,  or  any  light  body,  on  the  surface  of 
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wa-tepin  -a astern :  caper  this  with  the.grasa'  jar  heUin'th* 
band  with  its  botthui .  upwards,  aadmove  it  downwards, 
keepmg it  altthe  whoe  in  an  upright  postnoa.  The  cork 
will:  continue  to  float  on  the  surface  of  the  water  in  the  w- 
side  of  the  glass,  and  will- most  distinctly  show  whereabouts 
that  Bin-faee  is.  It  will  thus  he  seen,  that  the  water  with- 
in, thai  glass  has  its.  surface  considerably  lower  than  that  of 
the  surrounding  water ;  and  however,  deep  we '  imourge 
the  glass,  we  shall  find  that  the  water  Will  never  rise  in  the 
inside  of  it  so  as  to  fill  it.  If  plunged  to  the  depth  of  32 
ftatr  the  water  will  only  half  fill  it ;  and  yet  the  acknow- 
ledged laws  of  hydrostatics  tell  us,  that  the  water  would. 
fill  the  glass  if  thereiwere  nothing  to  hinder  it  There  is 
therefore  something  already  within  the  glass  which  prevents 
the  water  from  getting  into  it ;  manifesting  in  this  manner 
the  moat  distinctive  property  of  matter,  viz.  the  hindering 
other  matter  from  occupying  the  same  place  at  the  same 
time. 

8.  While  things  are  in  this  condition,  pull  the  stopper 
oat  of  the  hole  in  the  bottom  of.  the  jar,  and  the  water  will 
instantly  rise  in  the  inside  of  the  jar,  and  stand  at  an  equal 
height  within  and  without.  This  is  justly  ascribed  to  the 
escape  through  the  hole  of  the  matter  which  formerly  ob- 
structed the  entry  of  the  water :  for  if  the  hand  be  held 
before  the  hole,  a  puff  will  be  distinctly  felt,  or  a  feather 
held  there  will  be  blown  aside ;  indicating  in  this  manner, 
that  what  prevented  the  entry  of  the  water,  and  now  es- 
capes, possesses  another  characteristic  property  of  matter, 
impttUiveJbrce.  The  materiality  is  concluded  from  this 
appearance  in  the  same  manner  that  the  materiality  of  wa- 
ter is  concluded  from  the  impulse  of  a  jet  from  a  pipe. 
We  also  see  the  mobility  of  the  formerly  pent  up,  and  now 
liberated,  substance,  in  consequence  of  external  pressure, 
viz.  the  pressure  of  the  surrounding  water. 

9.  Also,  if  we  take  a  smooth  cylindrical  tube,' shut  at 
one  end,  and  fit  a  plug  or  cork  to  its  open  endy  so  as  to 
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■fide  along  %  hot  to  tightly  m  to  prevent  al  passage  by 
its  sides;  nndifthepbBgbeweUBonkndmgBass^wessml 
find  that  no  fane  whaUiu  can  puna  it  to  the  bottom  of 
the  tube.  There  is  therefore  iowoWoy  within  the  tube 
praventingT  by  its  impswetrshihty,  the  entry  of  the  pfcag, 
and  therefore  possessing  this  characteristic  of  natter. 

la  In  like  manner,  if,  after  having  opened  a  nab  of 
common  bellows,  we  ehot  up  the  nosxto  and  wivo  hole,  and 
try  to  bring  the  board*  together,  we  find  it  iwmaaihsn 
There  it  sewsethbg  included  which  prevent*  via,  in  the 
mm  manner  as  if  the  bellows  were  filled  with  wool ;  hat 
tat  wnaaing  the  naule  we  can  easily  shut  them,  vm.  by  e» 
peUmg  this  something ;  and  if  the  cetnprecaba  b  forcible, 
the  something  will  ianw  wkh  considerable  force,  and  wry 
sensibly  impel  any  thing  in  its  way. 

11.  It  hi  not  accurate  to  any,  that  we  move  about  with- 
out any  obstruction  ;  for  we  find,  that  if  we  endeavour  to 
more  a  large  fan  with  rapidity,  a  very  sensible  hinderance 
is  perceived,  and  that  a  very  sensible  force  must  bo  exert- 
ed ;  and  a  sensible  wind  is  produced,  which  will  agitate 
the  neighbouring  bodies.  It  is  therefore  justly  conUadad, 
that  the  motion  is  possible  only  in  consequence  of  baring 
driven  this  obstructing  substance  out  of  the  way ;  and  mat 
this  impenetrable,  resisting,  moveable,  impelling  substance, 
w  matter.  We  perceive  the  perseverance  of  this  matter  in 
Us  state  of  rest  when  we  wave  a  fan,  in  the  same  manner 
that  we  perceive  the  inertia  of  water  when  we  move  a  pad- 
dle through  it.  The  effects  of  wind  in  impelling  our  ships 
and  mine,  in  tearing  up  trees,  and  overturning  buiklings, 
arc  equal  Jarikationa  of  its  perseverance  in  a  state  of  mo- 
tion. 

To  this  matter,  when  at  rest,  we  give  the  name  Aia ; 
and  when  it  is  in  motion  we  call  it  Wimb. 

Air,  therefore,  is  a  material  fluid :  a  fluid,  because  its 
parts  are  easily  moved,  and  yield  to  the  smallest  inequality 
of  pressure. 
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Jurpaeaam  lame  others  «f  the  wtygwml,  though 
not  isatutial,  properties  of  matter.  It  is  heavy.  This  ap- 
pears from  the  fallowing  facte : 

1.  It  always  aneDmnsssiea  this  globe  in  its  orbit  rand 
the  ran,  sarroondiag  it  to  ft  certain  distance,  wader  the 
name  of  the  AmowKnB,  which  indicates  the  being  con- 
nected with  the  earth  by  ita  general  fart*  of  gravity.  It  is 
chiefly  in  eflnaeajoeaaa  of  thia  that  it  u  continually  moving 
rotrod  the  earth  front  east  to  went ;  forming  what  is  celled 
the  trade-wind,  to  be  more  particularly  considered  after- 
wards. All  that  is  to  he  ubeuied  on  thia  subject  at  pre- 
aent  is,  that  is  consequence  of  the  disturbing  farce  of  the 
tun  and  moos,  there  is  an  accumulation  of  the  air  of  the 
atmosphere,  in  the  same  manner  aa  of  the  waters  of  the 
ocean,  in  those  parts  of  die  globe  which  hare  the  moon 
near  their  zenith  or  nadir :  and  as  this  happens  successive- 
Iy>  gciBg  fr0"8  ™*  nat  to  tne  west  (by  the  rotation  of  the 
earth  round  its  axis  in  the  opposite  direction),  the  accumu- 
lated air  must  gradually  flow  along  to  form  the  elevation. 
Thia  is  chiefly  to  be  observed  io  the  torrid  sone ;  and  the 
generality  and  regularity  of  this  motion  are  greatly  dis- 
turbed by  the  changes  which  are  continually  taking  place 
in  different  parts  of  the  atmosphere  from  causes  which  are 


2.  It  ia  in  Eke  manner  owing  to  the  gravity  of  the  air 
that  U  anpports  the  clouds  and  vapours  which  we  see  con- 
stantly floating  in  it  We  have  even  seen  bodies  of  no  in- 
considerable weight  float,  and  even  rise,  in  the  air.  Sbap 
bubbles,  and  balloons  filled  with  inflammable  gas,  rise  and 
float  in  the  same  manner  as  a  cork  rises  in  water.  This 
phenomenon  proves  the  weight  of  the  air  m  the  same  man- 
ner that  the  swimming  of  a  piece  of  wood  indicates  the 
weight  of  the  water  which  supports  it 

S.  But  we  are  not  left  to  these  refined  observation!  for 
the  proof  of  the  air's  gravity.  We  may  observe  famrKa? 
phenomena;  which  would  be  immediate  consequences  of 
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the  supposition  that'  air  is  a  heavy  fluid,  sad,  hew  other 
heavy' fluids,  presaeion  rheoutstdes  of  all  booses  immersed 
in  or  surrounded  by  it.  Thus,  for  •insttnne,  if  we  shot 
the  noazle  and  valve  hole  of  a  pair  of  bellows  after  having 
squeezed  the  air  out  of  them,  we  shall  find  that  a  very 
great  force,  even,  some  hundred  pounds,  >is  necessary  for 
separating  the  boards.  They  are'  kept  together  by  the 
pressure  of  .the  heavy  air  wmch  surrounds-  them  in  the 
same  manner  as  if  they  were  immersed  in  water.  In  like 
maimer,  if  we  stop  the  end  of  a  syringe  after  its  piston  has 
been  pressed  down  to  the  bottom,  and  then  attempt  to 
draw  up  the  piston,  we  shall  find  a  considerable  force  ne- 
cessary, via.  about  15  or  16  pounds  for  every  square  inch 
of  the  section  of  the  syringe.  Exerting  this  force,  we  can 
draw  up  the  piston  to  the  top,  and  we  can  hold  it  there ; 
but  the  moment  we  cease  acting,  the  piston  rushes  down 
and  strikes  the  bottom.  It  is  called  a  suction,  as  we  fed 
something  as  it  were  drawing  in  the  piston ;  but  it  is  really 
the  weight  of  the' incumbent  air  pressing  it  in.  And  this 
obtains  in  every  position  of  the  syringe ;  because  the  air  is 
a  fluid,  and  presses  in  every  direction.  Nay,  it  presses  on 
the  syringe  as  well  as  on  the  piston ;  and'  if  the  piston  be 
hung  by  its  ring  on  a  sail,  the  syringe  requires  force  to 
draw  it  down  (just  as  much  as  to  draw  the  piston  up  ;) 
and  if  it  be  let  go,  it  will  spring  up,  unless  loaded  with  at 
least  15  pounds  for  every  square  inch  of  its  tzanverse  sec- 
tion, (see  Fig.  2.) 

4.  But  the  most  direct  proof  of  the  weight  of  the  air  is 
had  by  weighing  a  vessel  empty  of  air,  and  then  weigh- 
ing" it  again  when  the  air  has  been  admitted;  and  this, 
as  it  is  the  most  obvious  consequence  of  its  weight,  has 
been  asserted  as  long  ago  as  the  days  of  Aristotle.  He 
says  («■■(■'  »(*•*  iv.  4.),  That  all  bodies  are  heavy  in  their 
place  except  fire :  even  air  is  heavy ;  for  a  blown"  bladder 
is  heavier  than  when  it  is  empty.  It  is  somewhat  surpris- 
ing that  his  followers  should  have  gone'  into  thexmposrte 
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nmiig",  while  professing  to  main'f'"  the  dootrioe  of  their 
•coder.  If  we  take  a  very  large  and  limber  bladder,  and 
squeeze  out  the  air  very  carefully,  and  weigh  it,  and  then 
fill  it  oil  the  wrinkles  just  begin  to  disappear,  and  weigh  it 
again,  we  shall  find  no  difference  in  the  weight  But  this 
is  not  Aristotle's  meaning ;  because  the  bladder  consider- 
ed an  a  Teasel,  is  equally  full  in  both  cases,  its  dimensions 
being  changed.  We  cannot  take  the  air  out  of  a  bladder 
without  its  immediately  collapsing.  But  what  would  be 
true  of  a  bladder  would  be  equally  true  of  any  vessel. 
Therefore,  take  a  round  vessel  A  (Fig.  3.),  fitted  with  a 
stopcock  B,  and  syringe  C.  Fill  the  whole  with  water, 
and  press  the  piston  to  the  bottom  of  the  syringe.  Then 
keeping  the  cock  open,  and  holding  the  vessel  upright, 
with  the  syringe  undermost,  draw  down  the  piston.  The 
water  will  follow  it  by  its  weight,  and  leave  part  of  the 
Teasel  empty.  Now  shut  the  cock,  and  again  push  up  the 
piston  to 'the  bottom  of  the  syringe;  the  water  escapes 
through  the  piston  valve,  as  will  be  explained  afterward : 
then  opening  the  cock,  and  again  drawing  down  the  piston, 
more  water  will  come  out  of  the  vessel.  Repeat  this  ope- 
ration till  all  the  water  have  come  out  Shut  the  cock, 
unscrew  the  syringe,  and  weigh  the  vessel  very  accurately. 
Now  open  the  cock,  and  admit  the  air,  and  weigh  the  vessel 
again,  it  will  be  found  heavier  than  before,  and  this  addi- 
tional weight  is  the  weight  of  the  air  which  fills  it ;  and  it 
will  be  found  to  be  523  grains,  about  an  ounce  and  a  fifth 
avoirdupois,  for  every  cubic  foot  that  the  vessel  contains. 
Now,  since  a  cubic  foot  of  water  would  weigh  1000  ounces, 
this  experiment  would  show  that  water  is  about  840  times 
heavier  than  air.  The  most  accurate  judgment  of  this 
kind  of  which  we  have  met  with  an  account,  is  that  record- 
ed by  Sir  George  Shuckhurgh,  which  is  in  the  67th  vol. 
of  the  Philosophical  Transactions,  p.  56X1.  From  this  it 
follows,  that  when  the  air  is  of  the  temperature  53,  and 
barometer  stands  at  29±  inches,  the  air  is  636  times  lighter 
Vot.  III.  2  L 
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than  water.  But  the  experiment  is  not  susceptible  of  suffi- 
cient accuracy  for  determining  the  exact  weight  of  a  cubic 
foot  of  air.  Its  weight  is  very  small ;  and  the  vessel  must 
be  strong  and  heavy,  bo  as  to  overload  any  balance  that  i» 
sufficiently  nice  for  the  experiment 

To  avoid  this  inconvenience,  the  whole  may  be  weigh- 
ed in  water,  first  loading  the  vessel  so  as  to  make  it  pre- 
ponderate an  ounce  or  two  in  the  water.  By  this  means 
the  balance  will  be  loaded  only  with  this  small  preponder- 
antly. But  even  in  this  case  there  are  considerable  sources 
of  error,  arising  from  changes  in  the  specific  gravity  of  the 
water  and  other  causes.  The  experiment  has  often  been 
repeated  with  this  view,  and  the  air  has  been  found  at  a 
medium  to  be  about  840  times  as  light  as  water,  but  with 
great  variations,  as  may  be  expected  from  its  very  hetero- 
geneous nature,  in  consequence  of  its  being  the  menstruum 
of  almost  every  fluid,  of  all  vapours,  and  even  of  most  solid 
bodies;  all  which  it  holds  in  solution,  forming  a  "fluid  per- 
fectly transparent,  and  of  very  different  density  according 
to  its  composition.  It  is  found,  for  instance,  that  perfectly 
pure  air  of  the  temperature  of  our  ordinary  summer,  is 
considerably  denser  than  when  it  has  dissolved  about  half 
as  much  water  as  it  can  hold  in  that  temperature ;  and  that 
with  this  quantity  of  water  the  difference  of  density  increases 
in  proportion  as  the  mass  grows  warmer,  for  damp  air  is 
more  expansible  by  heat  than  dry  sir. 

Such  is  the  result  of  the  experiment  suggested  by  Aris- 
totle, evidently  proving  the  weight  of  the  air ;  and  yet,  as 
has  been  observed,  the  Peripatetics,  who  profess  to  follow 
the  dictates  of  Aristotle,  uniformly  refused  it  this  property. 
It  was  a  matter  long  debated  among  the  philosophers  of 
the  last  century.  The  reason  was,  that  Aristotle,  with 
that  indistinctness  and  inconsistency  which  is  observed  in 
all  his  writings  which  relate  to  matters  of  fact  and  expe- 
rience, assigns  a  different  cause  to  many  phenomena  which 
any  man  led  by  common  observation  would  ascribe  to  the 
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weight  of  the  air.  Of  this  kind  is  the  rise  of  water  in 
pomps  and  syphons,  which  all  the  Peripatetics  had  for  ages 
ascribed  to  something  which  they  called  nature's  abhorrence 
of  a  mid.  Aristotle  had  asserted  (for  reasons  not  our  busi- 
ness to  adduce  at  present),  that  all  nature  was  full  of 
being,  and  that  nature  abhorred  a  void.  He  adduces  many 
facta,  in  which  it  appears,  that  if  not  absolutely  impossible, 
it  is  very  difficult,  and  requires  great  force,  to  produce  a 
apace  void  of  matter.  When  the  operation  of  pumps  and 
syphons  came  to  be  known,  the  philosophers  of  Europe 
(who  had  all  embraced  the  Peripatetic  doctrines)  found  in 
this  fancied  horror  of  a  fancied  mind  (what  else  is  this  that 
nature  abhors  P)  a  ready  solution  of  the  phenomena.  We 
shall  state  the  facta,  that  every  reader  may  see  what  kinds 
of  reasoning  were  received  among  the  learned  not  two  cen- 
turies ago. 

Pumps  were  then  constructed  in  the  following  man- 
ner: A  long  pipe  GB  (Fig.  4.)  was  set  in  the  water  of 
the  well  A.  This  was  fitted  with  a  sucker  or  piston  C, 
having  a  long  rod  CF,  and  was  furnished  with  a  valve  B 
at  the  bottom,  and  a  lateral  pipe  DE  at  the  place  of  de- 
livery, also  furnished  with  a  valve.  The  fact  is  that  if 
the  piston  be  thrust  down  to  the  bottom,  and  then  drawn 
up,  the  water  will  follow  it;  and  upon  the  piston  being 
again  pushed  down,  the  water  shuts  the  valve  B  by  its 
weight,  and  escapes,  or  is  expelled  at  the  valve  E  ;  and  on 
drawing  up  the  piston  again  the  valve  E  is  shut,  the  water 
again  rises  after  the  piston,  and  is  again  expelled  at  its  next 
descent 

The  Peripatetics  explain  all  this  by  saying,  that  if  the 
water;  did  notJbBow  the  piston  there  would  be  a  void  be- 
tween  them.  But  nature  abhors  a  void;  or  a  void  is  im- 
possible: therefore  the  water  follows  the  piston.  It  is  not 
worth  while  to  criticise  the  wretched  reasoning  in  this  pre- 
tence to  explanation.  It  is  all  overturned  by  one  observa- 
tion.    Suppose  the  pipe  shut  at  the  bottom,  the  piston  can 
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be  drawn  up,  and  thus  a  void  produced.  No,  say  the 
Peripatetics ;  and  the;  speak  of  certain  spirits,  effluvia,  &c 
which  occupy  the  place.  But  if  so,  why  needs  the  water 
rise  ?  This  therefore  is  not  the  cause  of  its  ascent  It  is  a 
curious  and  important  phenomenon. 

The  sagacious  Galileo  seems  to  have  been  the  first  who 
seriously  ascribed  this  to  the  weight  of  the  air.  Many  be- 
fore hun  had  supposed  air  heavy ;  and  thus  explained  the 
difficulty  of  raising  the  board  of  bellows,  or  the  piston  of  a 
syringe,  Etc  But  he  distinctly  applies  to  this  allowed 
weight  of  the  air  all  the  consequences  of  hydrostatical  laws ; 
and  he  reasons  as  follows : 

The  heavy  air  rests  on  the  water  in  the  cistern,  and 
presses  it  with  its  weight.  It  does  the  same  with  the  water 
in  the  pipe,  and  therefore  both  are  on  a  level ;  but  if  the 
piston,  after  being  in  contact  with  the  surface  of  the  water, 
be  drawn  up,  there  is  no  longer  any  pressure  on  the  sur- 
face of  the  water  within  the  pipe ;  for  the  air  now  rests  on 
the  piston  only,  and  thus  occasions  a  difficulty  in  drawing 
it  up.  The  water  in  the  pipe,  therefore,  is  iu  the  same 
situation  as  if  more  water  were  poured  into  the  cistern, 
that  is,  as  much  as  would  exert  the  same  pressure  on  its 
surface  as  the  air  does.  In  this  case  we  are  certain  that 
the  water  will  be  pressed  into  the  pipe,  and  will  raise  up 
the  water  already  in  it,  and  follow  it  till  it  is  equally  high 
within  and  without.  The  same  pressure  of  the  air  shuts 
the  valve  E  during  the  descent  of  the  piston.  (See  Ga&- 
leo't  Discourtes.) 

He  did  not  wait  for  the  very  obvious  objection,  that 
if  the  rise  of  the  water  was  the  effect  of  the  air's  pressure, 
it  would  also  be  its  measure,  and  would  be  raised  and  sup- 
ported only  to  a  certain  height  He  directly  said  so,  and 
adduced  this  as  a  decisive  experiment  If  the  horror  of  a 
void  be  the  cause,  says  he,  the  water  must  rise  to  any 
height  however  great ;  but  if  it  be  owing  to  the  pressure 
of  the  air,  it  will  only  rise  till  the  weight  of  the  water  in 
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the  pipe  u  in  eouihbrio  with  the  pressure  of  the  air,  ac- 
cording to  the  common  lawn  of  hydrostatics.  And  be  adds, 
that  this  is  veil  known ;  for  it  is  a  fact,  that  pumps  will 
not  draw  water  much  above  fort;  palms,  although  they 
may  be  made  to  propel  or  to  lift  it  to  any  height.  He  then 
makes  an  assertion,  which,  if  true,  will  be  decisive.  Let  a 
very  long  pipe,  shut  at  one  end,  be  filled  with  water,  and 
let  it  be  erected  perpendicularly  with  the  close  end  upper- 
most, and  a  stopper  in  the  other  end,  and  then  Us  lower 
orifice  immersed  into  a  vessel  of  water ;  the  water  will  sub- 
side in  the  pipe  upon  removing  the  stopper,  till  the  re- 
maining column  is  in  equiltbrio  with  the  pressure  of  the 
external  air.  This  experiment  he  proposes  to  the  curious ; 
saying,  however,  that,  he  thought  it  unnecessary,  there 
being  already  such  abundant  proofs  of  the  air's  pressure. 

It  is  probable  thai  the  cumbersomeness  of  the  necessary 
apparatus  protracted  the  making  of  this  experiment.  Ano- 
ther equally  conclusive,  and  much  easier,  was  made  in 
1642,  after  Galileo's  death,  by  his  zealous  and  learned 
disciple  Toricelli.  He  filled  a  glass  tube,  close  at  one  end, 
with  mercury ;  judging,  that,  if  the  support  of  the  water 
was  owing  to  the  pressure  of  the  air,  and  was  the  measure 
of  this  pressure,  mercury  would  in  like  manner  be  support- 
ed by  it,  and  this  at  a  height  which  was  also  the  measure 
of  the  air's  pressure,  and  therefore  1 3  times  less  than  water. 
He  had  the  pleasure  of  seeing  his  expectation  verified  in 
the  completes!  manner;  the  mercury  descending  in  the 
tube  AB  (Fig.  fi.)  and  finally  settling  at  the  height/B  of 
29$  Roman  inches :  and  he  found,  that  when  the  tube  was 
inclined,  the  point/ was  in  the  same  horizontal  plane  with 
./"in  the  upright  tube,  according  to  the  received  laws  of 
hydrostatical  pressure.  The  experiment  was  often  repeat- 
ed, and  soon  became  fatuous,  exciting  great  controversies 
among  the  philosophers  about  the  possibility  of  a  vacuum. 
About  three  years  afterwards  the  same  experiment  was 
published  at  Warsaw  tn  Poland,  by  Valerianus  Magnus  as 
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his  own  suggestion  and  discovery :  but  it  Appears  plan 
from  the  letters  of  Roberval,  not  only  that  ToricelH  was 
prior,  and  that  his  experiment  was  the  general  topic  of 
discussion  among  the  curious ;  but  also  highly  probable 
that  Valerianus  Magnus  was  informed  of  it  when  at 
Rome,  and  daily  conversant  with  those  who  had  seen  it 
He  denies,  however,  even  having  heard  of  the  name  of  To- 
ricelli. 

.  This  was  die  era  of  philosophical  ardour ;  and  we  think 
that  it  was  Galileo's  invention  and  immediate  application 
of  the  telescope  which  gave  it  vigour.  Discoveries  of  the 
most  wonderful  kind  in  the  heavens,  and  which  required 
no  extent  of  previous  knowledge  to  understand  them,  were 
thus  put  into  the  hands  of  every  person  who  could  pur- 
chase a  spy-glass;  while  the  high  degree  of  credibility 
which  some  of  the  discoveries,  such  as  the  phases  of  Venus 
and  the  rotation  and  satellites  of  Jupiter,  gave  to  the  Co- 
pernican  system,  immediately  set  the  whole  body  of  the 
learned  in  motion.  Galileo  joined  to  his  ardour  a  great 
extent  of  learning,  particularly  of  mathematical  knowledge 
and  sound  logic,  and  was  even  the  first  who  formally  unit- 
ed mathematics  with  physics ;  and  his  treatise  on  accele- 
rated motion  was  the  first,  and  a  precious  fruit  of  this 
union.  About  the  years  164*  and  1644,  we  find  clubs  of 
gentlemen  associated  in  Oxford  and  London  for  the  culti- 
vation of  knowledge  by  experiment;  and  before  1655  all 
the  doctrines  of  hydrostatics  and  pneumatics  were  familiar 
there,  established  upon  experiment.  Mr  Boyle  procured 
a  coalition  and  correspondence  of  these  clubs,  under  the 
name  of  the  Invisible  and  Philosophical  Society.  In  May 
1658,  Mr  Hooke  finished  for  Mr  Boyle  an  air-pump, 
,  which  had  employed  him  a  long  time,  and  occasioned  him 
several  journeys  to  London  for  things  which  the  workmen 
of  Oxford  could  not  execute.  He  speaks  of  this  as  a  great 
improvement  on  Mr  Boyle's  own  pump,  which  he  had  been 
using  some  time  before.     Boyle  therefore  must  have  in. 
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vented  bis  air-pump,  and  was  not  indebted  for  it  to  SchotWs 
account  of  Otto  Guerick's,  published  in  his  (Schottus)  Me- 
chanicaHydrauio-pntumaticain  1657,  as  be  asserts  (Techno, 
Curiam).  The  Royal  Society  of  London  arose  in  1656 
from  the  coalition  of  these  dubs,  after  15  yean  co-opera- 
tion and  correspondence.  The  Montmorine  Society  at 
Paris  bad  subsisted  nearly  about  the  same  time ;  for  we 
find  Paschal  in  1648  speaking  of  the  meetings  in  the  Sor- 
bonne  College,  from  which  we  know  that  society  originat- 
ed.—Nuremberg,  in  Germany,  was  also  a  distinguished 
seminary  of  experimental  philosophy.  The  magistrates, 
sensible  of  its  valuable  influence  in  manufactures,  the 
source  of  the  opulence  and  prosperity  of  their  city,  and 
many  of  them  philosophers,  gave  philosophy  a  professed 
and  munificent  patronage,  furnishing  the  philosophers  with 
a  copious  apparatus,  a  place  of  assembly,  and  a  fund  for 
the  expense  of  their  experiments ;  so  that  this  was  the  first 
academy  of  sciences  out  of  Italy  under  the  patronage  of 
government  In  Italy,  indeed,  there  had  long  existed  in- 
stitutions of  this  kind.  Rome  was  the  centre  of  church- 
government,  and  the  resort  of  all  expectants  for  preferment. 
The  clergy  were  the  majority  of  the  learned  in  all  Chris- 
tian nations,  and  particularly  of  the  systematic  philosophers. 
Each,  eager  to  recommend  himself  to  notice,  brought  for- 
ward every  thing  that  was  curious;  and  they  were  the 
willing  vehicles  of  philosophical  communication.  Thus  the 
experiments  of  Galileo  and  Toricelli  were  rapidly  diffused 
by  persons  of  rank,  the  dignitaries  of  the  church,  or  by  the 
monks,  their  obsequious  servants.  Perhaps  the  recent  de- 
fection of  England,  and  the  want  of  a  residing  embassy  at 
Rome,  made  her  sometimes  late  in  receiving  or  spreading 
philosophical  researches,  and  was  the  cause  that  more  was 
done  there  propria  Marie. 

We  hope  to  be  excused  for  this  digression.  We  were 
naturally  led  into  it  by  the  pretensions  of  Valerianus  Mag- 
nus to  originality  in  the  experiment  of  the  mercury  sup. 
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ported  by  the  pressure  of  the  air.  Sueh  u  the  strength  of 
national  attachment,  that  there  were  not  wanting  some  who 
found  that  Toriceili  had  borrowed  his  experiment  from 
Honoratus  Fabri,  who  had  proposed  and  explained  it  in 
1641 ;  but  whoever  knows  the  writings  of  Toriceili,  and 
Galileo's  high  opinion  of  him,  will  never  think  that  be  could 
need  such  helps.  (See  this  surmise  of  Mounter  in  ScJtatt. 
Teek.  Cur.  III.  at  the  end.) 

Galileo  must  be' considered  as  the  author  of  the  experi- 
ment when  he  proposes  it  to  be  made.  Valerianut  Magnus 
owns  himself  indebted  to  him  for  the  principle  and  the  con- 
trivance of  the  experiment.  It  in  neither  wonderful  that 
many  ingenious  men,  of  one  opinion,  and  instructed  by 
Galileo,  should  separately  bit  on  so  obvious  a  thing;  nor 
that  Toriceili,  his  immediate  disciple,  his  enthusiastic  ad- 
mirer, and  who  was  in  the  habits  of  corresponding  with  him 
till  his  death,  in  1642,  should  be  the  first  to  put  it  in  prac- 
tice. It  became  the  subject  of  dispute  from  the  national 
arrogance  and  self-conceit  of  some  Frenchmen,  who  have 
always  shown  themselves  disposed  to  consider  their  nation 
as  at  the  head  of  the  republic  of  letters,  and  cannot  brook 
the  concurrence  of  any  foreigners.  Roberval  was  in  this 
instance,  however,  the  champion  of  Toriceili;  but  those 
who  know  his  controversies  with  the  mathematicians  of 
France  at  this  time  will  easily  account  for  this  exception. 

All  now  agree  in  giving  Toriceili  the  honour  of  thejirtt 
invention ;  and  it  universally  passes  by  the  name  of  the 
Tomckllian  Experiment.  The  tube  is  called  the  To*x- 
cillian  Took  ;  and  the  space  left  by  the  mercury  ia 
called  the  Toeickllian  Vacuum,  to  distinguish  it  from 
the  Botlcan  Vacuum,  which  is  only  an  extreme  rarefac- 
tion. 

The  experiment  was  repeated  in  various  forms,  and  with 
apparatus  which  enabled  philosophers  to  examine  several 
effects  which  the  vacuum  produced  on  bodies  exposed  in 
it.     This  was  done  by  making  the  upper  part  of  the  tube 
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tsnmnate  in  ■  wJ  of  seme  capacity,  of  orattrnunjeat*  with 

such  «  vessel,  in  which  were  included  along  witf>  the  njer-. 
eury  bodies  on  which  the  experiments  war?  to  be  made. 
When  Che  mercury  bad  run  out,  the  phenomena  of  the**/ 
bodies  were  carefully  observed. 

Aa  objection  wu  made  to  the  conclusion  drawn  frcao- 
Torcelli'B  experiment,  which  appears  formidable,  If  the 
Toricellian  tube  be  wepended  on  the  arm  of  a  balance,  it 
is  found  that  the  counterpoise  must  be  equal  to  the  weight 
both  of  the  tube  and  of  the  mercury  it  contains.  This- 
could  not  be,  say  the  objectors,  if  the  mercury  were  sup- 
ported by  the  air.  It  is  evidently  supported  by  the  ba- 
lance t  *ud  this  gave  rise  to  another  notion  of  the  cause 
different  from  the  peripatetic  fuga  vacvi:  a  suspensive 
force,  or  rather  attraction,  wu  assigned  to  the  upper  part 
of  the  tabs, 

But  the  true  explanation  of  the  phenomenon  is  most  easy 
and  satisfactory.  Suppose  the  mercury  in  the  eastern  and 
tube  to  freeze,  but  without  adhering  to  the  tube,  so  that 
the  tube  could  be  freely  drawn  up  and  down.  In  this  case 
the  mercury  is  supported  by  the  base*  without  any  depen- 
dence on  the  pressure  of  the  sir ;  and  the  tube  is  in  the 
same  condition  as  before,  and  the  solid  mercury  performs 
the  office  of  a  piston  to  this  kind  of  syringe.  Suppose  the 
tube  thrust  down  till  the  top  of  it  touches  the  top  of  the 
mercury.  It  is  evident  that  it  must  be  drawn  up  in  op- 
position to  the  pressure  of  the  external  air,  and  it  is  pre- 
cisely similar  to  the  syringe  already  mentioned.  The 
weight  sustained  therefore  by  this  arm  of  the  balance  is  the 
weight  of  the  tube  and  the  downward  pressure  of  the  at- 
mosphere on  its  top. 

The  curiosity  of  philosophers  being  thus  excited  by  this 
very  manageable  experiment,  it  was  natural  now  to  try  the 
original  experiment  proposed  by  Galileo.  Accordingly 
Bern  in  Italy,  Paschal  in  France,  and  many  others  in  dif- 
ferent places,  nude  the  experiment  with  a  tube  filled  with. 
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water,  wine,  oil,  ficc  and  all  with  the  auocess  which  might 
be  expected  in  so  simple  a  matter :  and  the  doctrine  of 
tile  weight  and  pressure  of  the  air  was  established  beyond  . 
contradiction  or  doubt  All  wis  done  before  the  year 
1648. — A  very  beautiful  experiment  was  exhibited  by 
Auzout,  which  completely  satisfied  all  who  had  any  re- 
maining doubts. 

A  small  box  or  phial  EFGH  (Fig.  6.)  had  two  glass 
tubes,  AB,  CD,  three  feet  long,  inserted  into  it  in  such  a 
manner  as  to  be  firmly  fixed  in  one  end,  and  to  reach  near. 
ly  to  the  other  end.  AB  was  open  at  both  ends,  and  CD 
was  close  at  D.  This  apparatus  was  completely  filled  with 
mercury,  by  unscrewing  the  tube  AB,  filling  the  box,  and 
the  hole  CD ;  then  screwing  in  the  tube  AB,  and  filling  it ; 
then  holding  a  finger  on  the  orifice  A,  the  whole  was 
inverted  and  set  upright  in  the  position  represented  in 
figure  s,  immersing  the  orifice  A  (now  a)  in  a  small  ves- 
sel of  quicksilver.  The  result  was,  that  the  mercury  ran 
out  at  the  orifice  a,  till  its  surface  m  n  within  the  phial  de- 
scended to  the  top  of  the  tube  b  a.  The  mercury  also  be- 
gan to  descend  in  the  tube  d  c  (formerly  DC)  and  run  over 
into  the  tube  b  a,  and  ran  out  at  o,  till  the  mercury  in  dc 
was  very  near  equal  in  the  level  with  m  n.  The  mercury 
descending  in  £  a  till  it  stood  at  k,  29£  inches  above  the 
surface  op  of  the  mercury  in  the  cistern,  just  as  in  the 
Toricetlian  tube. 

The  rationale  of  this  experiment  is  very  easy.  The 
whole  apparatus  may  first  be  considered  as  a  ToriceUian 
tube  of  an  uncommon  shape,  and  the  mercury  would  flow 
out  at  b.  But  as  soon  as  a  drop  of  mercury  comes  out, 
leaving  a  space  above  m  n,  there  is  nothing  to  keep  up  the 
mercury  in  the  tube  d  c.  Its  mercury  therefore  descends 
also ;  and  running  over  into  i>a,  continues  to  supply  its  ex- 
pense till  the  tube  d  c  is  almost  empty,  or  can  no  longer 
supply  the  watte  of  b  a.  The  inner  surface  therefore  falls 
as  low  as  it  can,  till  it  is  level  with  b.     No  more  mercury 
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can  enter  6  a,  yet  its  column  is  too  heavy  to  be  supported 
by  the  pressure  of  the  air  on  the  mercury  in  the  astern 
Below ;  it  therefore  descends  in  6  a,  and  finally  settles  at 
the  height  1  o,  equal  to  that  of  the  mercury  in  the  Tori- 
cellian  tube. 

The  prettiest  circumstance  of  the  experiment  remains. 
Make  a  small  hole  g  in  the  upper  cap  of  the  box.  The 
external  air  immediately  rushes  in  by  its  weight,  and  now 
presses  on  the  mercury  in  the  box.  This  immediately 
raises  the  mercury  in  the  tube  dc  to  I,  ££>£  inches  above 
win.  It  presses  an  the  mercury  at  it  in  the  tube  ba,  ba- 
lancing the  pressure  of  the  air  in  the  cistern.  The  mer- 
cury in  the  tube  therefore  is  left  to  the  influence  of  its  own 
weight,  and  it  descends  to  the  bottom.  Nothing  can  be 
more  apposite  or  decisive; 

And  thus  the  doctrine  of  the  gravity  and  pressure  of 
the  air  is  established  by  the  'most  unexceptionable  evi- 
dence: and  we  are  entitled  to  assume  it  as  a  statical 
principle,  and  to  affirm  &  priori  all  its  legitimate  conse- 
quences. 

And,  in  the  first  place,  we  obtain  an  exact  measure  of 
the  pressure  of  the  atmosphere.  It  is  precisely  equal  to 
the  weight  of  the  column  of  mercury,  of  water,  of  oil,  &c. 
which  it  can  support ;  and  the  Toricellian  tube,  or  others 
fitted  up  upon  the  same  principle,  are  justly  termed  baro- 
tcopes  and  barometers  with  respect  to  the  air.  Now  it  is 
observed  that  water  is  supported  at  the  height  of  32  feet 
nearly :  The  weight  of  the  column  is  exactly  5000  avoir- 
dupois pounds  in  every  square  foot  of  base,  or  13^  on 
every  square  inch.  The  same  conclusion  very  nearly  may 
be  drawn  from  the  column  of  mercury,  which  is  nearly  29£ 
inches  high  when  in  equilibrium  with  the  pressure  of  the 
air.  We  may  here  observe,  that  the  measure  taken  from  the 
height  of  a  column  of  water,  wine,  spirits,  and  the  other 
fluids  of  considerable  volatility,  as  chemists  term  it,  is  not  so 
exact  as  that  taken  from  mercury,  oil,  and  the  like.     For 
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it  is  observed,  that  the  volatile  fluids  are  converted  by  the 
ordinary  heat  of  our  climates  into  vapour  when  the  ooafin- 
iog  pressure  of  the  air  is  removed ;  and  this  vapour,  by  ita 
elasticity,  exerts  a  small  pressure  od  the  surface  of  the  war- 
ier, &c  in  the  pipe,  and  thus  counteracts  a  small  part  of 
the  external  pressure ;  and  therefore  the  column  supported 
by  the  remaining  pressure  must  be  lighter,  that  is,  shorter. 
Thus  it  is  found,  that  rectified  spirits  will  not  stand  much 
higher  than  is  competent  to  a  weight  of  19  pounds  on  an 
incb,  the  elasticity  of  Us  vapour  balancing  about  ^  of  the 
pressure  of  the  air.  We  shall  afterwards  have  occasion  to 
consider  this  matter  more  particularly. 

As  the  medium  height  of  the  mercstry  in  the  barometer 
is  29J  inches,  we  see  that  the  whole  globe  sustains  a  pre*. 
sure  equal  to  the  whole  weight  of  a  body  of  mercury  of  this 
height ;  and  that  all  bodies  on  its  surface  sustain  a  part  of 
this  in  proportion  to  their  surfaces.  An  ordinary-sized  man 
sustains  a  pressure  of  several  thousand  pounds.  How  comes 
it  then  that  we  are  not  sensible  of  a  pressure  which  one 
should  think  enough  to  crush  us  together  P  This  has  been 
considered  as  a  strong  objection  to  the  pressure  of  the  air ; 
for  when  a  man  is  plunged  a  few  feet  under  water,  he  ia 
very  sensible  of  the  pressure.  The  answer  is  by  no  means 
so  easy  as  is  commonly  imagined.  We  feel  very  distinctly 
the  effects  of  removing  this  pressure  from  any  part  of  the 
body.  If  any  one  will  apply  the  open  end  of  a  syringe  to 
his  hand,  and  then  draw  up  the  piston,  he  will  find  hia 
hand  sucked  into  the  syringe  with  great  force,  and  it  will 
give  pain ;  and  the  soft  part  of  the  hand  will  swell  into  it, 
being  pressed  in  by  the  neighbouring  parts,  which  are  sub- 
ject to  the  action  of  the  external  air.  If  one  lays  hia  hand  on 
the  top  of  a  long  perpendicular  pipe,  such  as  a  pump  filled 
to  the  brim  with  water,  which  is  at  first  prevented  from 
running  out  by  the  valve  below ;  and  if  the  valve  be  then 
opened,  so  that  the  water  descends,  he  wiH  then  find  his 
hand  so  hard  pressed  to  the  top  of  the  pipe  that  be  cannot 
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draw  it  away.  But  why  do  we  only  feel  the  inequality  of 
pressure  P  There  is  a  similar  instance  wherein  we  do  not 
feel  it,  although  we  cannot  doubt  of  its  existence.  When 
a  man  goes  slowly  to  a  great  depth  under  water  in  a  div- 
ing-bell, we  know  unquestionably  that  he  is  exposed  to  a 
new  and  very  great  pressure,  yet  he  does  not  feel  it.  But 
those  facts  are  not  sufficiently  familiar  for  general  argu- 
ment The  human  body  is  a  bundle  of  solids,  hard  or 
soft,  filled  or  mixed  with  fluids,  and  there  are  few  or  no 
parts  of  it  which  are  empty.  All  communicate  either  by 
▼easels  or  pores ;  and  the  whole  surface  is  a  sieve  through 
which  the  insensible  perspiration  is  performed.  The  whole 
extended  surface  of  the  lungs  is  open  to  the  pressure  of  the 
atmosphere ;  every  thing  is  therefore  in  equihbrio ;  and  if 
free  or  speedy  access  be  given  to  every  part,  the  body  will 
not  be  damaged  by  the  pressure,  however  great,  any  more 
than  a  wet  sponge  would  be  deranged  by  plunging  it  any 
depth  in  water.  The  pressure  is  instantaneously  diffused 
by  means  of  the  incompressible  fluids  with  which  the  parts 
are  filled ;  and  if  any  parts  are  filled  with  air  or  other 
compressible  fluids,  these  are  compressed  till  their  elastici- 
ty again  balances  the  pressure.  Besides,  all  our  fluids  are 
acquired  slowly,  and  gradually  mixed  with  that  proportion 
of  air  which  they  can  dissolve  or  contain.  The  whole  airi- 
mal  has  grown  up  in  this  manner  from  the  first  vital  atom 
of  the  embryo.  For  such  reasons  the  pressure  can  occa- 
sion no  change  of  shape  by  squeezing  together  the  flexible 
parts ;  nor  any  obstruction  by  compressing  the  vessels  or 
pores.  We  cannot  say  what  would  be  felt  by  a  man,  were 
it  possible  that  he  could  have  been  produced  and  grown  up 
in  vacuo,  and  then  subjected  to  the  compression.  We  even 
know  that  any  sudden  and  considerable  change  of  general 
pressure  is  very  severely  felt.  Persons  in  a  diving-bell 
have  been  almost  killed  by  letting  them  down  or  drawing 
them  up  too  suddenly.  In  drawing  up,  the  elastic  matters 
within  have  suddenly  swelled,  and  not  finding  an  imme- 
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diate  escape,  have  buret  the  vessels.  Dr  Halley  experienc- 
ed this,  the  blood  gushing  out  from  his  ears  by  the  expan- 
sion of  air  contained  in  the  internal  cavities  of  this  organ* 
from  which  there  are  but  very  slender  passages. 

A  very  important  observation  recurs  here :  the  pressure 
of  the  atmosphere  is  variable.  This  was  observed  almost 
as  soon  as  philosophers  began  to  attend  to  the  barometer. 
Paschal  observed  it  in  France,  and  Descartes  observed  it 
in  Sweden  in  1650.  Mr  Boyle  and  others  observed  it  in 
England  in  1656.  And  before  this,  observers,  who  took 
notice  of  the  concomitancy  of  these  changes  of  aerial  pres- 
sure with  the  state  of  the  atmosphere,  remarked,  that  it 
was  generally  greatest  in  winter  and  in  the  night ;  and  cer- 
tainly most  variable  during  winter  and  in  the  northern  re- 
gions. Familiar  now  with  the  weight  of  the  air,  and  con- 
sidering it  as  the  vehicle  of  the  clouds  and  vapours,  they 
noted  with  care  the  connexion  between  the  weather  and  the 
pressure  of  the  air,  and  found  that  a  great  pressure  of  the 
air  was  generally  accompanied  with  fair  weather,  and  a  di- 
minution of  it  with  rain  and  mists.  Hence  the  barometer 
came  to  be  considered  as  an  index  not  only  of  the  present 
state  of  the  air's  weight,  but  also  as  indicating  by  its  varia- 
tions changes  of  weather.  It  became  a  Wkatheh-olass, 
and  continued  to  be  anxiously  observed  with  this  view. 
This  is  an  important  subject,  and  will  afterwards  be  treat- 
ed in  some  detail. 

In  the  next  place,  we  may  conclude  that  the  pressure  of 
the  air  will  be  different,  in  different  places,  according  to 
their  elevation  above  the  surface  of  the  ocean ;  for  if  air  be 
an  heavy  fluid,  it  must  press  in  some  proportion  according 
to  its  perpendicular  height  If  it  be  a  homogeneous  fluid 
of  equal  density  and  weight  in  all  its  parts,  the  mercury 
in  the  eastern  of  a  barometer  must  be  pressed  precisely  in 
proportion  to  the  depth  to  which  that  cistern  is  immersed 
in  it ;  and  as  this  pressure  is  exactly  measured  by  the 
height  of  the  mercury  in  the  tube,  the  height  of  the  me*. 
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cury  in  the  ToriceUian  tube  must  be  exactly  proportional 
to  the  depth  of  the  place  of  observation  under  the  surface 
of  the  atmosphere. 

The  celebrated  Descartes  first  entertained  this  thought 
(EpisL  67.  of  Pr.  III.),  and  scon  after  him  Paschal.  His 
occupation  in  Paris  not  permitting  him  to  try  the  justness 
of  his  conjecture,  he.  requested  Mr  Perrier,  a  gentleman  of 
Clermont  in  Auvergne,  to  make  the  experiment  by  ob- 
serving the  height  of  the  mercury  at  one  and  the  same  time 
at  Clermont  and  on  the  top  of  a  very  high  mountain  in  the 
neighbourhood.  His  letters  to  Mr  Perrier  in  1647  arc 
still  extant.  Accordingly  Mr  Perrier,  in  September  1646, 
filled  two  equal  tubes  with  mercury,  and  observed  the 
heights  of  both  to  be  the  same,  viz.  3fi,'a  inches,  in  the 
garden  of  the  convent  of  the  Friars  Minims,  situated  in  the 
lowest  part  of  Clermont.  Leaving  one  of  them  there,  and  one 
of  the  fathers  to  observe  it,  he  took  the  other  to  the  top  ofPuy 
de  Dome,  which  was  elevated  nearly  500  French  fathoms 
above  the  garden.  He  found  its  height  to  be  23aa,  inches. 
On  his  return  to  the  town,  in  a  place  called  Font  de  FArbre, 
150  fashoms  above  the  garden,  he  (bund  it  25  inches; 
when  he  returned  to  the  garden  it  was  again  26/,,  and  the 
person  set  to  watch  the  tube  which  had  been  left  said  that 
it  had  not  varied  the  whole  day.  Thus  a  difference  of  eleva- 
tion of  8000  French  feet  had  occasioned  a  depression  of  3£ 
inches ;  from  which  it  may  be  concluded,  that  Si  inches  of 
mercury  weighs  as  much  as  3000  feet  of  air,  and  one- tenth  of 
an  inch  of  mercury  as  much  as  96  feet  of  air.  The  next  day 
he.  found,  that  taking  the  tube  to-  the  top  of  a  steeple  120  ' 
feet  high  made  a  fall  of  one-sixth  of  an  inch.  This  gives 
72  feet  of  air  for  one-tenth  of  an  inch  of  mercury ;  but  ill 
agreeing  with  the  former  experiment.  But  it  is  to  be  ob- 
served, that  a  very  small  error  of  observation;  of  the  baro- 
meter would  correspond  to  a  great  difference  of  elevation, 
and  also  that  the  height  of  the  mountain  had  not  been 
measured  with  any  precision.     This  has  been  since  done 
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(Mem.  Acad.  per.   1703),  and  found  to  be  599  French, 
toises. 

Paschal  published  an  account  of  this  great  experiment 
(Grande  Exp.  tur  la  Pesanttw  a>  F  Air),  and  it  was 
quickly  repeated  in  many  places  of  the  world.  In  1653, 
it  was  repeated  in  England  by  Dr  Power  (Power's  Exper. 
Phil.) ;  and  in  Scotland,  in  1661,  by  Mr  Sinclair,  profess- 
or of  philosophy  in  the  university  of  Glasgow,  who  ob- 
served the  barometer  at  Lanark,  on  the  top  of  mount  Tin- 
tock  in  Clydesdale,  and  on  the  top  of  Arthur's  Seat  at 
Edinburgh.  He  found  a  depression  of  two  inches  between 
Glasgow  and  the  top  of  Tintock,  three  quarters  of  an  inch 
between  the  bottom  and  top  of  Arthur's  Seat,  and  A  of  an 
inch  at  the  cathedral  of  Glasgow  on  the  height  of  126  feet. 
See  Sinclair's  Art  Nova  et  Magna  Gravitatis  at  LevitatU  ,- 
Sturmii  Collegium  Experimental*,  and  Schotti  Techniea 
Cwiota, 

Hence  we  may  derive  a  method  of  measuring  the  heights 
of  mountains.  Having  ascertained  with  great  precision 
the  elevation  corresponding  to  a  fall  of  one-tenth  of  an 
inch  of  mercury,  which  is  nearly  90  feet,  we  have  only  to 
observe  the  length  of  the  mercurial  column  at  the  top  and 
bottom  of  the  mountain,  and  to  allow  90  feet  for  every 
tenth  of  an  inch.  Accordingly  this  method  has  been  prac- 
tised witlr  great  success :  but  it  requires  an  attention  to 
many  things  not  yet  considered;  such  as  the  change  of 
density  of  the  mercury  by  heat  and  cold ;  the  changes  of 
density  of  air,  which  are  much  more  remarkable  from  the 
same  causes ;  and,  above  all,  the  changes  of  the  density  of 
air  from  its  compressibility ;  a  change  immediately  connect- 
ed with  or  dependent  on  the  very  elevation  we  wish  to 
measure.     Of  all  these  afterwards. 

These  observations  give  us  the  moat  accurate  measure 
of  the  density  of  the  air  and  its  specific  gravity.  This  is 
but  vaguely  though  directly  measured  by  weighing  air  in 
a  bladder  or  vessel.     The  weight  of  a  n 
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is  so  small,  that  a  balance  sufficiently  ticklish  to  indicate 
even  very  sensible  fractions  of  it  is  overloaded  by  the 
weight  of  the  vessel  which  contains  it,  and  ceases  to  be  ex- 
act :  and  when  we  take  Bernoulli's  ingenious  method  of 
suspending  it  in  water,  we  expose  ourselves  to  great  risk  of 
error  by  the  variation  of  the  water's  density.  Also  it  must 
necessarily  be  humid  air  which  we  can  examine  in  this 
way :  but  the  proportion  of  an  elevation  in  the  atmosphere 
to  the  depression  of  the  column  of  mercury  or  other  fluid, 
by  which  we  measure  its  pressure,  gives  us  at  once  the  pro- 
portion of  this  weight  or  their  specific  gravity.  Thus, 
since  it  is  found  that  in  such  a  state  of  pressure  that  the 
barometer  stands  at  30  inches,  and  the  thermometer  at  32°, 
87  feet  of  rise  produces  one-tenth  of  an  inch  of  fall  in  the 
barometer,  the  air  and  the  mercury  being  both  of  the  freez- 
ing temperature,  we  must  conclude  that  mercury  i»  10,440 
times  heavier  or  denser  than  air.  Then,  by  comparing 
mercury  and  water,  we  get  ,£x  nearly,  for  the  density  of 
air  relative  to  water :  but  this  varies  so  much  by  heat  and 
moisture,  that  it  is*  useless  to  retain  any  thing  more  than  a 
general  notion  of  it ;  nor  is  it  easy  to  determine  whether 
this  method  or  that  by  actual  weighing  is  preferable.  It 
is  extremely  difficult  to  observe  the  height  of  the  mercury  -. 
in  the  barometer  nearer  than  „ '  0  of  an  inch ;  and  this  will 
produce  a  difference  of  even  five  feet,  or  a'B  of  the  whole. 
Perhaps  this  is  a  greater  proportion  than  the  error  in  weigh- 
ing. 

From  the  same  experiments  we  also  derive  some  know- 
ledge of  the  height  of  the  aerial  covering  which  surrounds 
our  globe.  When  we  raise  our  barometer  87  feet  above 
the  surface  of  the  sea,  the  mercury  falls  about  one-tenth  of 
an  inch  in  the  barometer :  therefore  if  the  barometer  shows 
30  inches  at  the  sea-shore,  we  may  expect  that,  by  raising 
it  300  times  87  feet,  or  five  miles,  the  mercury  in  the  tube 
will  descend  to  the  level  of  the  cistern,  and  that  this  is  the 
height  of  our  atmosphere.     But  other  appearances  lead  us 
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to  suppose  a  much  greater  height  Meteors  ate  amen  with 
us  much  higher  than  this,  and  which  yet  give  undoubted 
indication  of  being  supported  by  our  air.  There  can  be 
little  doubt,  too,  that  the  visibility  of  the  expanse  above 
us  is  owing  to  the  reflection  of  the  son's  light  by  our  ok-. 
Were  the  heavenly  spaces  perfectly  transparent,  we  should 
no  mare  see  them  than  the  purest  water  through  wftiob. 
■ ,  we  see  other  objects;  and  we  see  ihevt  as  we  see  water 
tinged  with  milk  or  other  faecuue.  Now  it  is  easy  to  show, 
that  the  light  which  gives  us  what  is  called  twilight  must 
be  reflected  from  the  height  of  at  least  50  miles ;  for  we 
have  it  when  the  sun  is  depressed  18  degrees  below  our 
horizon. 

A  little  attention  to  the  constitution  of  our  air  win  eon* 
vince  us,  that  the  atmosphere  must  extend  to  a  much  great- 
er height  than  300  times  87  feet.  We  see  from  the  most 
familiar  facts  that  it  is  compressible ;  we  can  aqueese  it  in 
an  ox  bladder.  It  is  also  heavy ;  pressing  ou  die  air  in 
this  bladder  with  a  very  great  force,  not  less  than  1600 
pounds.  We  must  therefore  consider  it  a*  in  a  state  ef 
compression,  existing  in  smaller  room  than  it  would  assume 
if  it  were  not  compressed  by  the  incumbent  air.  It  must 
therefore  be  in  a  condition  something  resembling  that  of  a 
quantity  of  fine  carded  wool  thrown  loosely  into  a  deep 
pit;  the  lower  strata  carrying  the  weight  of  the  upper 
strata,  and  being  compressed  by  them ;  and  so  much  the 
more  compressed  as  they  are  further  down,  and  only  the 
upper  stratum  in  its  unconstrained  and  meet  expanded 
state.  If  we  shall  suppose  this  wool  thrown  in  by  a  hun- 
dred weight  at  a  time,  it  will  be  divided  into  strata  of  equal 
weights,  but  of  unequal  thickness;  the  lowest  being  the 
thinnest,  and  the  superior  strata  gradually  increaiiug  in 
duckness.  Now,  suppose  the  pit  filled  with  sir,  sad  reach- 
ing to  the  top  of  the  atmosphere,  the  mights  of  all  the 
strata  above  any  horizontal  plane  in  it  is  measured  by  the 
height  of  die  mercury  in  the  Tor  oolUnn  tube  placed  in  that 
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plane;  and  one-tenth  of  an  inch  of  mfereury  is  just  equal 
to  the  weight  of  the  lowest  stratum  87  feet  thick :  for  on 
raising  the  tube  87  feet  from  the  sea,  the  surface  of  the 
mercury  will  descend  one-tenth  of  an  inch.  Raise  the  tube 
till  the  mercury  fall  another  tenth :  this  stratum  must  be 
more  than  87  feet  thick ;  how  much  more  we  cannot  tell, 
being  ignorant  of  the  law  of  the  air's  expansion.  In  order 
to  make  it  fall  a  third  tenth,  we  must  raise  it  through  a 
stratum  still  thicker ;  and  so  on  Continually. 

AH  this  is  abundantly  confirmed  by  the  very  first  experi- 
ment made  by  the  order  and  directions  of  Paschal  i  for 
by  carrying  the  tube  from  the  garden  of  the  convent  to  a 
place  150  fathoms  higher,  the  mercury  fell  1,\  inches,  or 
1,2917;  which  gives  about  69  feet  8  inches  of  aerial  stra-, 
torn  for  z\  of  an  inch  of  mercury ;  and  by  carrying  it  from 
thence  to  a  place  350  fathoms  higher,  the  mercury  fell 
Igf ,  or  1,9167  inches,  which  gives  109  feet  7  inches  for 
iV  of  an  inch  of  mercury.  These  experiments  Were  not 
accurately  made  ;  for  at  that  time  the  philosophers,  though 
zealous,  were  but  scholar*  in  the  tcience  of  experimenting, 
and  novice*  in  the  art.  But  the  results  abundantly  show 
this  general  truth,  and  they  are  completely  confirmed  by 
thousands  of  subsequent  observations.  It  is  evident  from 
the  whole  tenor  of  them,  that  the  strata  of  air  decrease  in 
density  as  we  ascend  through  the  atmosphere ;  but  it  re- 
mained to  be  discovered  what  is  the  force  of  this  decrease, 
that  is,  the  law  of  the  air's  expansion.  Till  this  be  done 
We  can  say  nothing  about  the  constitution  of  our  atmo- 
sphere ;  we  cannot  tell  in  what  manner  it  is  fittest  for  rais- 
ing and  supporting  the  exhalations  and  vapours  which  are 
continually  arising  from  the  inhabited  regions  ;  not  as  an 
excrementitious  waste,  but  to  be  supported,  perhaps  manu- 
factured, hi  that  vast  laboratory  of  nature,  and  to  be  re- 
turned to  us  in  beneficent  showers.  We  cannot  use  our 
knowledge  for  the  curious,  and  frequently  useful,  purpose 
of  measuring  the  heights  of  mountains  and  taking  the  levels 
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of  extensive  regions ;  in  short,  without  an  accurate  know- 
ledge of  this,  we  can  hardly  acquire  any  acquaintance  with 
those  mechanical  properties  which  distinguish  air  from  those 
liquids  which  circulate  here  below. 

Having  therefore  considered  at  some  length  the  leading 
consequences  of  the  air's  fluidity  and  gravity,  let  us  con- 
sider its  compressibility  with  the  same  care ;  and  then,  com- 
bining the  agency  of  both,  we  shall  answer  all  the  purposes 
of  philosophy, ,  discover  the  laws,  explain  the  phenomena 
of  nature,  and  improve  art.  We  proceed  therefore  to  con- 
sider a  little  the  phenomena  which  indicate  and  characterise 
this  other  property  of  the  air.  All  fluids  are  elastic  and 
compressible  as  well  as  air;  but  in  them  the  compres- 
sibility makes  no  figure,  or  does  not  interest  us  while  we 
are  considering  their  pressures,  motions,  and  impulsions. 
But  in  air  the  compressibility  and  expansion  draw  our  chief 
attention,  and  make  it  a  proper  representative  of  this  class 
of  fluids.  / 

.  Nothing  is  more  familiar  than  the  compressibility  of  air. 
It  is  seen  in  a  bladder  filled  with  it,  which  we  can  forcibly 
squeeze  into  less  room  ;  it  is  seen  in  a  syringe,  of  which  we 
can  push  the  plug  farther  and  farther  as  we  increase  the 
pressure. 

But  these  appearances  bring  into  view  another,  and  the 
most  interesting,  property  of  air,  viz.  its  elasticity.  When 
we  have  squeezed  the  air  in  the  bladder  or  syringe  into  less 
room,  we  find  that  the  force  with  which  we  compressed  it 
is  necessary  to  keep  it  in  this  bulk ,-  and  that  if  we  cease  to 
press  it  together,  it  will  swell  out  and  regain  its  natural 
dimensions.  This  distinguishes  it  essentially  from  such  a 
body  as  a  mass  of  flour,  salt,  or  such  like,  which  remain  in 
the  compressed  state  to  which  we  reduce  them. 

There  is  therefore  something  which  opposes  the  com- 
pression different  from  the  simple  impenetrability  of  the 
air :  there  is  something  that  opposes  mechanical  force ; 
there  is  something  too  which  produces  motion,  not  only  re- 
6 
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stating  compression,  but  pushing  back  the  compressing 
body,  and  communicating  motion  to  it.  As  an  arrow  is 
gradually  accelerated  by  the  bow-string  pressing  it  forward, 
and  at  the  moment  of  its  discharge  is  brought  to  a  state  of 
rapid  motion ;  so  the  ball  from  a  pop-gun,  or  wind-gun,  is 
gradually  accelerated  along  the  barrel  by  the  pressure  of 
the  air  during  its  expansion  from  its  compressed  state,  and 
finally  quits  it  with  an  accumulated  velocity.  These  two 
motions  are  indications  perfectly  similar  of  the  elasticity  of 
the  bow  and  of  the  air. 

Thus  it  appears  that  air  is  heavy  and  elastic.  It  needs 
little  consideration  to  convince  us  in  a  vague  manner  that 
it  is  fluid.  The  ease  with  which  it  is  penetrated,  and  dri- 
ven about  in  every  direction,  and  the  motion  of  it  in  pipes 
and  channels,  however  crooked  and  intricate,  entitle  it  to 
this  character.  But  before  we  can  proceed  to  deduce  con- 
sequences from  its  fluidity,  and  to  offer  them  as  a  true  ac- 
count of  what  will  happen  in  these  circumstances,  it  is  ne- 
cessary to  exhibit  some  distinct  and  simple  case,  in  which 
the  characteristic  mechanical  property  of  a  fluid  is  clearly 
and  unequivocally  observed  in  it.  That  property  of  fluids 
from  which  all  the  laws  of  hydrostatics  and  hydraulics  are 
derived  with  strictest  evidence  is,  that  any  pressure  applied 
to  any  part  of  them  is  propagated  through  the  whole  mass 
in  every  direction ;  and  that,  in  consequence  of  this  diffusion 
of  pressure,  any  two  external  forces  can  be  put  in  equilibrio 
by  the  interposition  of  a  fluid,  in  the  same  way  as  they  can 
be  put  in  equilibrio  by  the  intervention  of  any  mechanical 
engine. 

Let  a  close  vessel  ABC  (Fig.  7.),  of  any  form,  have 
two  upright  pipes  EDC,  GFB,  inserted  into  any  parts  of 
its  top,  sides,  or  bottom,  and  let  water  be  poured  into 
them,  so  as  to  stand  in  equilibrio' with  the  horizontal  sur- 
face* at  E,  D,  G,  F,  and  let  D  d,  Ff,  be  horizontal  lines, 
if  will  be  Jbund  that  the  height  of  the  column  E  d,  is 
sensibly  equal  to  that  of  the  column  G  .      This  is  a 
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fact  universal!  y  observed  in  whatever  way  the  pipe*  are  in. 
sorted-, 

Now  the  surface  of  the  water  at  D  ia  undoubtedly  press- 
ed upwards  with  a  tome  equal  to  a  column  of  water,  hay- 
ing its  surface  fox  its  base,  and  Ed  for  its.  height;  it  is 
therefore  prevented  from  rising  by  some  opposite  force. 
This  can  be  nothing  but  the  elasticity  of  the  oonfined  air 
praising  it  down.  The  very  same  thing  must  be  said  of 
the  surface  atF;  and  thus  there  are  two  external  pres- 
sures at  D  and  F  set  in  equilibria  by  the  interposition  of 
air.  The  force  exerted  on  the  surface  D,  by  the  pressure 
of  the  column  E  d,  is  therefore  propagated  to  the  but* 
face  at  F ;  and  thus  air  has  this  characteristic  mark  of 
fluidity. 

In  thai  experiment  the  wight  of  the  air  is  insensible 
when  the  vessel  is  of  small  size,  and  baa  no  sensible  share 
in  the  pressure  reaching  at  D  and  F.  But  if  the  elevation 
ef  the  point  F  above  D  is  very  great,  the  column  E  d  wiU 
he  observed  sensibly  to  exceed  the  column  Gf.  Thus  if 
F  be  70  feet  higher  than  1),  E  d  will  be  an  inch  longer 
than  the  column  GtJ":  for  in  this  case  there  is  reacting  at 
D,  not  only  the  pressure  propagated  from  F,  but  also  the 
weight  of  a  column  of  air,  having  the  surface  at  D  for  its 
base  and  70  feet  high.  This  ia  equal  to-  the  weight  of  • 
column  of  water  one  inch  high. 

It  ia  by  this  propagation  of  pressure,  this  Jlwdtiy,  that 
the  pellet  is  discharged  from  «  child's  pop-gun.  It  stinks 
fast  in  the  muzzle ;  and  he  forces  in  another  pellet  at  the 
other  end,  which  he  presses  forward  with  the  rammer,  con- 
densing the  air  between  them,  and  thus  propagating  to  the 
other  pellet  the  pressure  which,  he  exerts,  till  the  friction  ia 
overcome,  and  the  pellet  is,  discharged  by  the  air  expand- 
ing and  following  it 

There  is  a  pretty  philosophical  plaything  which  illus- 
trates this  property  of  sir  in  a  very  perspicuous  manner, 
and  which  we  shall  afterward*  have  occasion,  to  consider  as 
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totfvertedisjtoBntost  ussAd  hydrawlie  mwoine.  This  is 
whatM  ususwy  called  Hero'*  fountain,  hiring  been  invent- 
«d  by  a  ffynoama  of  that  name.  It  consists  of  two  ves- 
ta* KLMN  (Fig  8.),  OPQR,  which  ate  dose  on  a"  sides. 
A  tube  AB,  having  *  foaoel  a-top,  passes  through  the  up. 
pamost  Wt  wMwu>  toBSawflnaathag  with-  k,  bong  sol- 
dered into  its  top  and  bottonw  It  also  passes  through  the 
top  of  the  wa&mmmtr  where  it  irf  also  soWered,  and 
readies  ahncet  to  its  bottom  This  tube  is  open-  at  both 
ends.  There  is  another  open  tube  ST,  which  is  soldered 
into  thr  top  of  th*  lureer-Vessel  and  the  bottom  of  the  up- 
patuMaaet,  asat  Machos  almost  to  its  top.  These  two  tubes 
serve  also  tosopport  the  wpper-vsMsL  A  third  tube  OF  is 
soldered  ratatbe  top  of  the  upper  vessel,  and  reaches  almost 
towobottom  This  tube  is  open  at  both  ends,  but  the  orifice 
ft  is  very  snudL.  Wow  suppose  the  uppermost  vessel  fifted 
with  water  to  the  weight  EN,  Re  beiwg  its  surface  a  little 
heJow  'X\  9top  the  orifice  G  with  the  iagw,  and  pour  in 
waseratA.  This  wS  descend  through  AB,  and  eompress 
the  air  in  OQRP  into  lew  room.  Suppose  the  water  in 
tjw  under  Tassel  to  haws  acquired  the  surface  C  c,  the  ear 
whish  formerly  occupied  the  whole  of  the  spaces  OPQR 
•afiKLcE  wiB  now  be-  contained  in  the  spaces  0P0C 
andiLffE;  and  its  ehwtiefey  will  be  ut  eqnSbrio  with  the 
weight  of  the  column  of  water,  whose  base  is  the  surface 
£  ty  and  whose  height  is  A  c.  As  this  pressure  is  exerted 
m  every  part  of  the  air,  it  wiH  be  exerted  on  the-  surface 
K#of  the  water  of  the  upper  vessel;  and  if  the  pipe  FG 
were  continued  upwards,  the  water  would  be  supported  in 
it  to  an  height  e  H  above1  E*,  equal  to  Ac.  Therefore  if 
the  finger  be  new  taken  from  off  the  oriSee  G,  the  water 
will  spout  up  to  the  sane  height  as  if  it  had  been-  immedi- 
ately farced  out  by  a  column,  of  water  A  c  without  the  in- 
tervention of  the  air,  that  is,  nearly  to  H.  If  instead  of 
the  funnel  at  A,  the  vessel  have  a  brim  which  will  cause 
the  water  discharged  at  G  to  run  down  the  pipe  AB,  this 
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fountain  will  play  till  all  the  water  in  the  upper  meet  ii 
expended.  The  operation  of  this  second  fountain  will  be 
better  understood  from  Fig.  9.  which  an  intelligent  reader 
will  see  is  perfectly  equivalent  to  Fig.  8.  A  very  power- 
ful engine  for  raising  water  upon  this  principle  has  long 
been  employed  in  the  Hungarian  mines ;  where  the  pipe 
AB  is  about  200  feet  high,  and  the  pipe  FOr about  ISO ; 
and  the  condensation  is  made  in  the  upper  Teasel,  and  com- 
municated to  the  lower,  at  the  bottom  of  the  mine,  by  a 
long  pipe. 

We  may  now  apply  to  air  all  the  laws  of  hydrostatics 
'and  hydraulics,  in. perfect  confidence  that  their  legitimate 
consequences  will  be  observed  in  all  its  situations.  We 
shall  in  future  substitute,  in  place  of  any  force  acting  on  a 
surface  of  air,  a  column  of  water,  mercury,  or  any  other 
fluid  whose  weight  is  equal  to  this  force :  and  as  we. know 
distinctly  from  theory  what  will  be  the  consequences  of 
this  hydrostatic  pressure,  we  shall  determine  d  priori  the 
phenomena  in  air;  and  in  cases  where  the  theory  does 
not  enable  us  to  say  with  precision  what  is  the  effect  of 
this  pressure,  experience  informs  us  in  the  case  of  water, 
and  analogy  enables  us  to  transfer  this  to  air.  We  shall 
find  this  of  great  service  in  some  cases,  which  otherwise 
are  almost  desperate  in  the  present  state  of  our  know- 
Wge. 
'  From  such  familiar  and  simple  observations'  and  experi- 
ments, the  fluidity,  the  heaviness,  and  elasticity,  are  disco- 
vered of  the  substance  with  which  we  are  surrounded,  and 
which  we  call  air.  But  to  understand  these  properties,  and 
completely  to  explain  their  numerous  and  important  conse- 
quences, we  must  call  in  the  aid  of  more  refined  observa- 
tions and  experiments  which  even  this  scanty  knowledge  of 
them  enablesus  to  make ;  we  must  contrive  some  methods 
of  producing  with  precision  any  degree  of  condensation  or 
rarefaction,  of  employing  or  excluding  the  gravitating  pre*. 
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ware  of  air,  and  of  modifying  at  pleasure  die  action  of  all 
its  mechanical  properties. 

Nothing  can  be  more  obvious  than  a  method  of  com- 
pressing a  quantity  of  air  to  any  degree.  Take  a  cylinder 
or  prismatic  tube  AB  (Fig.  10.)  shut  at  one  end,  and  fit 
tt  with  a  piston  or  plug  C,  so  nicely  that  no  air  can  pais  by 
its  aides.  This  will  be  best  done  in  a  cylindric  tube  by  a 
turned  stopper,  covered  with  oiled  leather,  and  fitted  with 
a  long  handle  CD.  When  this  is  thrust  down,  the  air 
which  formerly  occupied  the  whole  capacity  of  the  tube  is 
continued  into  less  room.  The  force  necessary  to  produce 
any  degree  of  compression  may  be  concluded  from  the 
weight  necessary  for  pushing  down  the  plug  to  any  depth. 
But  ibis  instrument  leaves  us  little  opportunity  of  making 
interesting  experiments  on  or  in  this  condensed  air ;  and 
the  force  required  to  make  any  degree  of  compression  can-  ■ 
not  be  measured  with  much  accuracy ;  because  the  piston 
must  be  very  close,  and  have  great  friction,  in  order  to  be 
sufficiently  tight:  and  as  the  compression  is  increased, 
the  leather  is  more  squeezed  to  the  side  of  the  tube ;  and 
the  proportion  of  the  external  force,  winch  is  employed 
merely  to  overcome  this  variable  and  uncertain  friction,  can- 
not be  ascertained  with  any  tolerable  precision.  To  get  rid 
of  these  imperfections,  the  following  addition  may  be  made 
to  the  instrument,  which  then  becomes  what  is  called  the 
condmiing  syringe. 

The  end  of  the  syringe  is  perforated  with  a  very  small 
hole  ef;  anS  being  externally  turned  to  a  small  cylinder, 
a  narrow  dip  of  bladder,  or  of  thin  leather,  soaked  in  a 
'  mixture  of  oil  and  tallow,  must  be  tied  over  the  hole. 
Now  let  us  suppose  the  piston  pushed  down  to  the  bottom 
of  the  barrel  to  which  it  applies  close;  when  it  is  drawn 
up  to  the  top,  it  leaves  a  void  behind,  and  the  weight  of 
the  external  air  presses  on  the  Blip  of  bladder,  which  there- 
sore  claps  close  to  the  brass,  and<  thus  performs  the  part 
of  a  valve,  and  keeps  it  dose,  so  that  no  air  can  eater. 
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Bit  die  piston  having  reached  tb«  top  of  the  barret,  ft  boat 
F  in  the  side  of  it  is  just  below  tin  piston,  and  the  as 
radios  through  this  We  and  ills  the  battel  Now  pub 
the  piston  down  ngnia,  H  immediately  pastes  the  hohr 
V,  a»d  Boairewanestbroegbit;.  ittfuadht  fbttaeopen 
the  wive  «*/»  »i  escapes  while  the  piston  moves  t*  the 


Now  kt  B  he  g»y  vessel,  tueh  aaaghwt  bottJt,  hawing 
if  mouth  fnreiahed  with  a  him  My  firmly  eafWcl  to-  it, 
having  a  hollow  mv  whack  fiua  solid  screw  j»<r,  timed 
on  the  cylindriij  noaalB  of  the  syringe*  nVsew  the  syrhiga 
into  taw  cap,  and  it  is  evident  that  the  air  forced  owl  of  the 
syringe  will  be  aommakted  hi  that  vessel:  for  upon  draw- 
ing up  the  piston  the  varre/alwaye  shuts by  the  ekurfdty 
a»  «spandiDg  force  of  the  airittE  ;  and  on  poshing  a;  down 
again,  the  valve  will  open  as  aoon  at  the  piston  hoc  get  ai 
far  dawn  that  the  air  in  the  tower  part  of  the  bamtiBOKM 
powerful  than  the  air  already  in  thevessat.  Throat  every 
stroke  an  additional  barrelfiil  of  ah-  wvH  be  forced  into  the 
vessel  E;  and  it  will  be  found,  that  after  every  stroke  the 
piston  mast  be  farther  pushed  down  before  the  valve  wiH 
open.  It  cannot  open  tin1  the  pressure  arising  from  the 
ehatieity  of  the  air  eondentad  in  the  barrel  »  superior  to 
the  elasticity  of  the  tar  condensed  in  the  veatel ;  that  is, 
tail  the  condensation  of  the  fine,  or  its  density,  is  temewAaf 
greater'  than  that  of  the  last,  in  order  to  overcome  the 
straining  of  the  valve  on  die  hole  and  the  sticking  occasion- 
ed by  the  chunmy  matter  employed  to  make  it  air-tight. 

Sometimes  the  syringe  it  constructed  with  a  valve  in  the 
piston.  This  pistoa,  instead  of  being  of  one  piece  and  so- 
lidy  consists  ef  two  pieees  perfcratedL  The  upper  part 
i«tn  k  cenaeeted  with  the  rod  or  handle,  and  ha*  its 
lower  part  turned  down  to-  a.  smaa  cylinder,  vdnch  is  screw- 
ed into  the  lower  part  kto-n.j  and  baa  a  perforation  gK 
going  up  in  the  axis,  and  terminatingin  a  hole  A  »  one:  aide 
offhand,  a- piece  of  ailed-  leather  i*  strained  stomas  the 
7 
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bolef.  When  the  piston  i»  drawn  up  and  a  void  loft  be. 
low  it,  the  we^jfbt  of  the  external  air  fern*  it  through  tbo 
bole  A  ff,  open*  the  wive  g,  and  filb  the  barrel.  Then, 
on  pushing  down  tor  piston,  the  aii  being  iqueeaed  into 
fan  nan,  pnaaw  can  die  Tab*  ^v  shut*  it;  mmmm«< 
taping  through  the  piston,  it »  gradually  ceruUnaad  w  tiw 
piston  descends  till  it  open*  the  valve  ^  and  it  added  to 
that  already  accumulated  in  the  vwl  E. 

Having  in  this  memoes  forced  a  quuntity  of  air  into  the 
vessel  E,  we  can  make  many  experisnenAe  in.  it  in  this  Mats 
of  condensation.  We  are  chiefly  concerned  at  pretest  with 
the  effect  which  this  produces  on  ita  elasticity.  We  Bee 
this  to  be  greatly  increased ;  for  we  find  more  and  more 
force  required  for  introducing  every  successful  barrchuL 
When  the  syringe  is  unscrewed,  we  sea  the  sir  rash  oat 
with  great  violence,  and  erery  inaiaation  of  great  expand- 
ing farce.  If  the  syringe  be  conaeoted  with  the  vessel  E 
in  the  same  manner  as  the  syringe  in  No  17,  tie.  by  inter- 
posing a  laop-oock  B  between,  them,  (see  Fig.  3.),  and  af 
this  stop-cock  have  a  pine  at  its  extremity,  reaching  near 
to  the  bottom  of  the  vessel,  which  is  previously  half  fined 
with  water,  we  can  observe  distinctly  when  the  elasticity  at 
the  air  in  the  syringe  exceeds  that  of  the  air  in  the  receiver: 
for  the  piston  must  be  pushed  down  a  certain  length  befiaw 
the  air  from  the  syringe  bubbles  up  through  the  water,  anal 
the  piston  must  be  further  down  at  each  successive  stroke 
before,  tola  appearance  is-  observed.  When  the  air  ban  thus 
been  accumulated  in  the  receiver,  it  presses  the  aides  of  it 
outward,  and  will  bunt  it  if  aat  strong  enough.  It  also 
presses  on  the  surface,  of  the  water  j  anctif  we  now  shut  tb* 
each,  unscrew  the  syringe,  and  open  the  cook  again,  the 
air  will  force  the  water  through  the  pipe  with  great  velo- 
city, causing  it  to  rise  in  a  beautiful  jet.  When  a  metat- 
receiver  is  used,  the  condensation  may  be  pushed  to  a  great 
length,  and  the  jet  will  toon  rise  to  a  great  height;,  which 
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gradually  diminishes  m  the  water  is  expended  and  room 
given  to  the  air  to  expand  itself.     See  the  figure. 

We  judge  of  the  condensation  of  air  in  the  vessel  E  by 
the  number  of  strokes  and  the  proportion  of  the  capacity  of 
the  syringe  to  that  of  the  vessel.  Suppose  the  first  to  be 
one-tenth  of  the  last;  then  we  know,  that  after  10  strokes 
the  quantity  of  air  in  the  vessel  is  doubled,  and  therefore 
its  density  double,  and  so  on  after  any  number  of  strokes. 
Let  the  capacity  of  the  syringe  (when  the  piston  is  drawn 
to  the  top)  be  a,  and  that  of  die  vessel  be  6,  and  the  num- 
ber of  strokes  be  n,  the  density  of  the  air  in  the  vessel  will 
.     b+na        ,       no 

•»— 5-,0rl  +  T- 

But  this  is  on  the  supposition  that  the  piston  accurately 
fins  die  barrel,  the  bottom  of  the  one  applying  close  to  that 
of  the  other,  and  that  no  force  is  necessary  for  opening 
either  of  the  valves :  but  the  first  cannot  be  ensured,  and 
the  last  is  very  far  from  being  true.  In  the  construction 
now  described,  it  will  require  at  least  one-twentieth  part  of 
the  ordinary  pressure  of  the  air  to  open  the  piston  valve : 
therefore  the  air  which  gets  in  will  want  at  least  this  pro- 
portion of  its  complete  elasticity ;  and  there  is  always  a  si- 
milar part  of  the  elasticity  employed  in  opening  the  nozzle 
valve.  The  condensation  therefore  is  never  nearly  equal' 
to  what  is  here  determined. 

It  is  accurately  enough  measured  by  a  gage  fitted  to  the 
instrument  A  glass  tube  GH  of  a  cylindric  bore,  and 
close  at  the  end,  is  screwed  into  the  side  of  the  cap  on  the 
mouth  of  the  vessel  E.  A  small  drop  of  water  or  mercury 
is  taken  into  this  tube  by  warming  it  a  little  in  the  hand, 
which  expands  the  contained  air,  so  that  when  the  open 
end  is  dipped  into  water,  and  the  whole  allowed  to  cool, 
the  water  advances  a  little  into  the  tube.  The  tube  is  fur- 
nished with  a  scale  divided  into  small  equal  parts,  num- 
bered from  the  close  end  of  the  tube.  Since  this  tube  com- 
municates with  the  vessel,  it  is  evident  that  the  condensa- 
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own  will  force  the  water  along  the  tube,  acting  like  a  pis- 
ton on  the  air  beyond  it,  and  the  air  in  the  tube  and  Teasel 
will  always  be  of  one  density.  Suppose  the  number  at 
which  the  drop  stands  before  the  condensation  is  made  to 
be  c,  and  that  it  stands  at  d  when  the  condensation  has  at- 
tained the  degree  required,  the  density  of  the  air  hj  the  re- 
mote end  of  the  gage,  and  consequently  in  the  vessel,  will 


Sometimes  there  is  used  any  bit  of  tube  close  at  one  end, 
having  a  drop  of  water  in  it,  simply  laid  into  the  vessel  E, 
and  furnished  or  not  with  a  scale :  but  this  can  only  be 
used  with  glass  vessels,  and  these  are  too  weak  to  resist  the 
pressure  arising  from  great  condensation.  In  such  experi- 
ments metalline  vessels  are  used,  fitted  with  a  variety  of 
apparatus  for  different  experiments.  Some  of  these  will  be 
occasionally  mentioned  afterwards. 

It  must  be  observed  in  this  place,  that  very  great  con- 
densations require  great  force,  and  therefore  small  syringes. 
It  is  therefore  convenient  to  have  them  of  various  sizes,  and 
to  begin  with  those  of  a  larger  diameter,  which  operate 
more  quickly;  and  when  the  condensation  becomes  fa- 
tiguing, to  change  the  syringe  for  a  smaller. 

For  this  reason,  and  in  general  to  make  the  condensing 
apparatus  more  convenient,  it  is  proper  to  have  a  stop-cock 
interposed  between  the  syringe  and  the  vessel,  or,  as  it  is 
usually  called,  the  receiver.  This  consists  of  a  brass  pipe, 
which  has  a  well-ground  cock  in  its  middle,  and  has  a  hol- 
low screw  at  one  end,  which  receives  the  nozzle  screw  of 
the  syring,  and  a  solid  screw  at  the  other  end,  which  fits 
the  screw'  of  the  receiver.     See  Fig.  3. 

By  these  gages,  or  contrivances  similar  to  them,  we  have 
been  able  to  astertain  very  great  degrees  of  condensation 
in  the  course  of  some  experiments.  Dr  Hales  found  that 
when  dry  wood  was  put  into  a  strong  vessel,  which  it  al- 
most filled,  and  the  remainder  was  filled. with  water,  the 
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•welling  of  the  wood,  ooowioned  by  its  irobibatim  of  water, 
condensed  the  air  of  his  gage  into  the  thousandth  of  its  ori- 
ginal bulk.  He  found  that  pease  treated  in  the  same  man- 
ner generated  elastic  air,  which  pressing  on  the  air  in  the 
gage  condensed  it  into  the  fifteen  hnndredth  part  of  ka 
bulk.  This  ia  the  greatest  condensation  that  has  been  as- 
certained with  precision,  although  in  other  experiments  it 
has  certainly  been  carried  much  farther ;  but  the  precise 
degree  could  not  be  ascertained. 

The  only  use  to  be  made  of  this  observation  at  present 
is*  that  since  we  hare  bean  able  to  exhibit  air  in  a  density 
a  thousand  times  greater  than  the  ordinary  density  of  the 
ah*  we  breathe,  it  cannot,  as  some  imagine,  be  only  a  dif- 
ferent form  of  water ;  for  in  this  state  it  is  as  dense  or  den- 
ser than  water,  and  yet  retains  Us  great  expansibility. 

Another  important  observation  is,  that  in  every  state  of 
density  in  which  we  find  it,  it  retains  its  perfect  fluidity, 
transmitting  all  pressures  which  are  applied  to  it  with  un- 
diminished force,  as  appears  by  the  equality  constantly  ob- 
served between  the  opposing  columns  of  water  or  other 
fluid  by  which  it  is  compressed,  and  by  the  facility  with 
which  all  motions  are  performed  in  it  in  the  moat  compress 
ed  states  in  which  we  can  make  observations  of  tins  kind. 
This  fact  is  totally  incompatible  with  the  opinion  of  those 
who  ascribe  the  elasticity  of  air  to  the  springy  rammed 
structure  of  its  particles*  touching  each  other  like  so  many 
pieces  of  sponge  or  fooUballs.  A  collection  of  such  parti- 
cles might  indeed  be  pervaded  by  solid  bodies  with  consi- 
derable ease,  if  they  were  merely  touching  each  other,  trod 
not  subjected  to  any  external  pressure.  But  the  moment 
such  pressure  is  exerted,  and  the  -isaembhurc  squeezed  into 
a  smaller  space,  each  pressure  on  its  adjoining  parades : 
they  are  individually  compressed,  flattened  in  their  touch- 
ing surfaces,  and  before  the  density  ia  dcnbkd  they  are 
squeesed  into  the  form  of  perfect  cubes,  and  compose  a 
mass,  which  may  indeed  propagate  prcsaure  frrrai  or»  place 
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to  another  in  an  iniperfect  mmacr,  tad  with  great  eHnwut- 
tun  of  its  intensity,  but .  will  no  more  be  fluid  than  a  ma 
of  soft  clay.  It  will  be  of  use  to  keep  this  observation  in 
mind. 

We  bare  sees  that  an  is  heavy  and  compressible,  and 
might  now- proceed  to  deduce  in  order  the  explanation  of 
Use  appearances  consequent  on  each  of  these  properties, 
But,  as  has  been  already  observed,  the  elasticity  of  air  mo- 
dules the  effects  of  ks  gravity  so  remarkably,  that  they 
would  be  imperfectly  understood  if  both  qualities  were  not 
onrahined  in  our  consideration  of  either.  At  any  rate,  acme 
farther  consequences  of  its  elasticity  must  be  considered, 
before  we  understand  die  means  of  varying  at  pleasure  the 
effects  of  its  gravity. 

Since  air  is  heavy,  tbe  lower  strata  of  a  mass  of  air  most 
support  the  wpper ;  and,  being  compressible,  they  must  be 
condensed  by  their  weight  In  this  state  of  compression 
the  elasticity  of  the  lower  strata  of  air  acts  in  opposition  to 
the  weight  of  tbe  incumbent  air,  and  balances  it.  There  is 
no  reason  which  should  make  us  suppose  that  its  expand- 
ing force  belongs  to  it  only  when  m  such  a  state  of  com- 
pression. It  is  more  probable,  that,  if  we  could  free  it 
from  this  pressure,  tbe  air  would  expand  itself  into  still 
greater  bulk.     This  is  most  distinctly  seen  in  the  following 


Into  the  OyhOdrie  jar  ABCD  (Fig.  11,),  winch  has  a 
small  hole  n  its  bottom,  and  is  furnished  with  an  air-tight 
piston  B,  pot  a  small  flaccid  bladder,  having  its  mouth 
tied  tight  with  a  string.  Having  pushed  the  piston 
near  to  the  bottom,  and  noticed  tin  state  of  the  bladder, 
stop  up  the  bole  is  the  bottom  of  the  jar  with  the  finger, 
and  draw  up  the  piston,  which  will  require  a  considerable 
force.  You  wttl  observe  the  bladder  swell  out,  as  if  air 
had  been  blown  into  it  j  and  it  will  again  collapse  on  aUew- 
ing  the  piston  to  descend.  Nothing  can  be  more  unex- 
ceptionable than  the  conclusion  from  this  experiment,  that 
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ordinary  air  ia  in  a  state  of  compression,  and  that  its  elasti- 
city is  not  limited  to  this  state.  The  bladder  being  flaccid,  ■ 
shows  that  the  included  air  is  in  the  same  state  with  the  air 
which  surrounds  it ;  and  the  same  must  be  affirmed  of  it 
while  it  swells  but  still  remains  flaccid.  We  must  conclude 
that  the  whole  air  within  the  vessel  expands,  and  continues 
to  fill  it,  when  its  capacity  has  been  enlarged.  And  since 
this  is  observed  to  go  on  as  long  as  we  give  it  more  room, 
we  conclude,  that  by  such  experiments  we  have  not  yet 
given  it  so  much  room  as  it  can  occupy. 

It  was  a  natural  object  of  curiosity  to  discover  the  limits 
of  this  expansion ;  to  know  what  was  the  natural  uncon- 
strained bulk  of  a  quantity  of  air,  beyond  which  it  would, 
not  expand  though  all  external  compressing  force  were  re- 
moved. Accordingly  philosophers  constructed  instruments 
for  rarefying  the  air.  The  common  water-pump  had  been 
long  familiar,  and  appeared  very  proper  for  this  purpose. 
The  most  obvious  is  the  following : 

Let  the  barrel  of  the  syringe  AB  (Fig,  12.)  communicate 
with  the  vessel  V,  with  a  stop-cock  C  between  them.  Let 
it  communicate  with  the  external  air  by  another  orifice  D, 
in  any  convenient  situation,  also  furnished  with  a  stop-cock. 
Let  this  syringe  have  a  piston  very  accurately  fitted  to  it, 
so  as  to  touch  the  bottom  all  over  when  pushed  down,  and 
have  no  vacancy  about  the  sides. 

Now  suppose  the  piston  at  the  bottom,  the  cock  C  open, 
and  the  cock  D  shut,  draw  the  piston  to  the  top.  The  air 
which  filled  the  vessel  V  will  expand  so  as  to  fill  both  that 
vessel  and  the  barrel  AB ;  and  as  no  reason  'can  be  given 
to  the  contrary,  we  must  suppose  that  the  air  will  be  uni- 
formly diffused  through  both.  Calling  V  and  B  the  capa- 
city of  the  vessel  and  barrel,  it  is  plain  that  the  bulk  of  the 
air  will  now  be  V  +  B  j  and  since  the  quantity  of  matter 
remains  the  same,  and  the  density  of  a  fluid  is  as  its  quan- 
tity of  matter  directly  and  its  bulk  inversely,  the  density  of 
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the  expanded  air  will  be  y  :  n»  the  density  of  common 

air  being  1 :  for  V  +  B :  V  =  1  :  y-^-g- 

The  piston  requires  force  to  raise  it,  and  it  is  raised  in 
opposition  to  the  pressure  of  the  incumbent  atmosphere  | 
for  this  had  formerly  been  balanced  by  the  elasticity  of  the 
common  air :  and  we  conclude  from  the  fact,  thaijbrcr  it 
required  to  mite  the  piston,  that  the  elasticity  of  the  ex- 
panded air  is  less  than  that  of  air  in  its  ordinary  state;  and 
an  accurate  observation  of  the  force  necessary  to  raise  it 
would  show  bow  much  the  elasticity  is  diminished.  When 
therefore  the  piston  is  let  go,  it  will  descend  as  long  as  the 
pressure  of  the  atmosphere  exceeds  the  elasticity  of  the  air 
in  the  barrel;  that  is,  till  the  air  in  the  barrel  is  in  a  state 
of  ordinary  density.  To  put  it  further  down  will  require 
farce,  because  the  air  must  be  compressed  in  the  barrel; 
hot  if  we  now  open  the  cock  D,  the  air  will  be  expelled 
through  kj  and  the  piston  will  reach  the  bottom. 

Now  abut  the  discharging  cock  D,  and  open  the  cock 
C,  and  draw  Up  the  piston. .  The  air  which  occupied  the 

V 
space  V,  with   the  density  y  .   ■>>  will  n0T  occupy  the 

space  V  +  B,  if  it  expands  so  far.     To  have  its  den- 
sity D,  say,  As  its  present  bulk  V  +  B  is  to  its  former 
V 

bulk  V,  so  is  its  former  density  y  x*b  *°  *t9  new  t'en" 

V  x  V 

aity  ;    which   will    therefore   be    ■■  ■■     ■  ■ ==  ■  „   ,   or 

3  V  +  BxV  +  B,* 


It  ia  evident,  that  if  the  air  continues  to  expand,  the 
density  nf  the  air  in  the  vessel  after  the  third  drawing  up 

of  the  piston  will  be  „  ■   hJ»  °^ia  the:  fourth  it  will  be 

Voi.  III.  2  N         ' 
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^ = L  and  after  any  number  of  strokes  n  will  be  ^ =j. 

Thus,  if  the  vessel  is  four  times  at  Urge  as  the  barrel,  the 
density  after  the  fifth  stroke  will  be  }$  gj,  nearly  &  of  its 
ordinary  density. 
-    On  the  other  hand,  the  number  n  of  strokes  necessary  for 

reducing  air  to  the  density  D  »■  Log  V  —  Log  (V  +  B)- 

Thus  we  see  that  this  instrument  can  never  abstract  the 
whole  air  in  consequence  of  its  expansion,  but  only  rarefy 
it  continually  as  long  as  it  continues  to  expand  ;  say,  there 
is  a  limit  beyond  which  the  rarefaction  cannot  go.  When 
the  piston  has  reached  the  bottom,  there  remains  a  small  space 
between  it  and  the  cock  C  filled  with  common  air.  When 
the  piston  is  drawn  up,  this  small  quantity  of  air  expands, 
and  also  a  similar  quantity  in  the  neck  of  the  other  cock ; 
and  no  air  will  come  out  of  the  receiver  V  till  the  air  expand- 
ed in  the  barrel  is  of  a  smaller  density  than  the  air  in  the 
receiver.  This  circumstance  evidently  directs  us  to  make 
these  two  spaces  as  small  as  possible,  or  by  some  contriv- 
ance to  fill  them  up  altogether.  Perhaps  this  may  be  done 
effectually  in  the  following  manner : 

Let  BE  (Fig.  13.)  represent  the  bottom  of  the  barrel, 
and  let  die  circle  HEI  be  the  section  of  the  key  of  the 
cock,  of  a  large  diameter,  and  place  it  as  near  to  the  barrel 
as  can  be.  Let  this  communicate  with  the  barrel  by  means 
of  an  hole  FG  widening  upwards,  as  the  frustum  of  a 
hollow  obtuse  cone.  Let  the  bottom  of  the  piston  bfhgi 
be  shaped  so  as  to  ■  fit  the  bottom  of  the  barrel  and  this 
hole  exactly.  Let  the  cock  be  pierced  with  two  holes. 
One  of  them,  HI,  passes  perpendicularly  through  its  axis, 
and  forms  the  communication  between  the  receiver  and 
barrel.  The  other  hole,  KL,  has  one  extremity  K  on  the 
sime  circumference  with  H,  so  that  when  the  key  is  turn- 
ed a  fourth  part  round,  K  will  come  into  the  place  of  H : 
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but  this  hole  is  pierced  obliquely  into  the  key,  and  thus 
keeps  clear  of  the  hole  HI.  It  goes  no  further  than  the 
axis,  where  it  communicates  with  a  hole  bored  along  the 
axis  and  terminating  at  its  extremity.  Tins  hole  forms  the 
communication  with  the  external  air,  and  serves  for  dis- 
charging the  air  in  die  barrel.  (A  side  view  of  the  key  is 
seen  in  Fig.  14.)  Fig.  12.  shows  the  position  of  the  cook 
while  the  piston  is  moving  upwards,  and  Fig.  14.  shows  its 
position  white  the  piston  is  moving  downwards.  When 
the  piston  has  reached  the  bottom,  the  conical  piece 
J"h  g  of  the  piston,  which  may  be  of  firm  leather,  fills 
the  hole  FHG,  and  therefore  completely  expels  the  air 
from  the  barrel.  The  canal  KL  /  of  the  cock  contains  air 
of  the  common  density ;  but  this  is  turned  aside  into  the 
position  KL  (Fig.  13.),  while  the  piston  is  still  touching 
the  cock.  It  cannot  expand  into  the  barrel  during  the'  as- 
cent of  the  piston.  In  place  of  it,  the  perforation  HLI 
comes  under  the  piston,  filled  with  air  that  had  been  turned 
aside  with  it  when  the  piston  was  at  the  top  of  the  barrel, 
and  therefore  of  the  same  density  with  the  air  of  the  re- 
ceiver. It  appears,  therefore,  that  there  is  no  limit  to  the 
rarefaction  as  long  as  the  air  will  expand. 

This  instrument  is  called  an  Exhausting  Sybjsge. 
It  is  more  generally  made  in  another  form,  which  is  much 
less  expensive,  and  more  convenient  in  its  use.  Instead  of 
being  furnished  with  cock*  for  establishing  the  communis 
cations  and  shutting  them,  as  is  necessary,  it  has. valve* 
like  those  of  the  condensing  syringe,  but  opening  in  the 
opposite  direction.     It  is  thus  made : 

The  pipe  of  communication  or  conduit  MN  (Fig.  15.), 
has  a  male  screw  in  its  extremity,  and  over  this  is  tied  a 
slip  of  bladder  or  leather  M.  The  lower  half  of  the  piston 
-  baa  also  a  male  screw  on  it,  covered  at  the  end  with  a  Blip 
of  bladder  O.  This  is  screwed  into  the  upper  half  of  the 
piston,  which  is  pierced  with  a  hole  H  coming  out  of  the 
tide  of  the  rod. 
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Now  suppose  the  syringe  screwed  to  the  cbnductinaV 
pipe,  and  that  screwed  into  the  receiver  V  and  the  piston 
at  the  bottom  of  the  barrel.  When  the  piston  is  drawn 
up,  the  pressure  of  the  external  air  shuts  die  valve  O,  and 
a  void  is  left  below  the  piston:  there  is  therefore  no  pres- 
sure oh  the  upper  side  of  the  valve  M,  to  balance  the 
elasticity  of  the  air  in  the  receiver  which  formerly  balanced 
the  weight  of  the  atmosphere.  The  ah-,  therefore,  in  the 
receiver  lifts  this  valve,  and  distributes  itself  Between  the 
vessel  and  the  barrel ;  so  that  when  the  piston  has  reached 
the  top,  the  density  of  the  air  in  both  receiver  and  barrel 

is  as  before  PT/g- 

When  die  piston  is  let  go  it  descends,  because  the  elasti- 
city of  the  expanded  air  is  not  a  balance  for  the  pressure 
of  the  atmosphere,  which  therefore  presses  down  the  piston 
with  the  difference,  keeping  the  piston-valve  shut  all  the 
while.  At  the  same  time  the  valve  M  also  shuts :  for  it 
was  opened  by  the  prevailing  elasticity  of  the  air  in  the 
receiver,  and  while  it  is  open,  the  two  airs  have  equal  den- 
sity and  elasticity ;  but  the  moment  the  piston  descends, 
the  capacity  of  the  barrel  is  diminished,  the  elasticity  of  its 
air  increases  by  collapsing,  and  now  prevailing  over  that  of 
the  air  in  the  receiver,  shuts  the  valve  M. 

When  it  has  arrived  at  such  a  part  of  the  barrel  that 
the  air  in  it  is  of  the  density  of  the  external  air,  there  is  no 
force  to  push  it  farther  down ;  the  hand  must  therefore 
press  it.  This  attempts  to  condense  the  air  in  die  barrel, 
and  therefore  increases  its  elasticity ;  so  that  it  lifts  the 
Valve  O  and  escapes,  and  the  piston  gets  to  the  bottom. 
When  drawn  up  again,  greater  force  is  required  than  the 
last  time,  because  the  elasticity  of  the  included  air  is  less 
than  in  the  former  stroke.  The  piston  rises  further  before 
(he  valve  M  is  lifted  up,  and  when  it  has  reached  the  top 
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The  JWtflfh  whsaylej  go,  will  descend  further  than  it  did 
before  ere  die  piston-valve  open,  and  the  pressure  of  the 
hand  will  again  push  it  to  the  bottom,  all  the  air  escaping 
through  O,  The  rarefaction  will  go  on  at  every  successive 
stroke  in  the  same  manner  as  with  the  other  syringe. 

This  syringe  it  evidently  wore  easy  in  its  use,  requiring' 
no  attendance  to  the  cocks  to  open  and  shift  them  at  the 
proper  tunes.  Gn  this  account  this  construction  of  an  ex- 
hausting syringe  b  much  more  generally  used. 
■■■  But  itis  greatly  inferior,  to  the  syringe  with  cocks  with 
respect  to  its  power  of  rarefaction.  Its  operation  is  greatly 
limited.  It  is  evident  that  no  air  will  come  out  of  the  re- 
ceiver unless  its  elasticity  exceed  that  of  the  air  in  the  barrel 
by  a  difference  able  to  lift  up  the  valve  M.  A  piece  of 
piled,  leather  tied  across  this  hole  can  hardly  be  made  tight  ' 
and  certain  of  clapping  to  the  hole  without  some  small 
straining,  which  must  therefore  be  overcome.  It  must  be 
very  gentle  indeed,  not  to  require  a  force  equal  to  the 
weight  of  two  inches  of  water,  and  this  is  equal  to  about 
the  800th  part  of  the  whole  elasticity  of  the  ordinary  air; 
and  therefore  this  syringe,  for  this  reason  alone,  cannot 
rarefy  air  above  900  times,  even  though  air  were  capable 
of  an  indefinite  expansion.  In  like  manner  the  valve  O 
cannot  be  raised  without  a  similar  prevalence  of  the  elasti- 
city of  the  air  in  the  barrel  above  the.  weight  of  the  atmo- 
sphere. These  causes  united,  make  it  difficult  to  rarefy 
the  sir  more  than  100  times,  and  very  few  such  syringes 
will  rarefy  it  more  than  50  rimes ;  whereas  the  syringe 
with  cocks,  when  new  and  in  good  order,  will  rarefy  it 
1000  times. 

But,  on  the  other  hand,  syringes  with  cocks  are  much 
more  expensive,  especially  when  furnished  with  apparatus 
for  opening  and  shutting  the  cocks.  They  are  more  diffi- 
cult to  make  equally  tight,  and  (which  is  the  greatest  ob- 
jection) do  not  remain  long  in  good  order.  The  cocks, 
by  so  frequently  opening  and  abutting,  grow  loose,  and 
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allow  tbe  air  to  escape.  No  method  baa  been  found  of 
preventing  this.  They  must  be  ground  tight  by  means  of 
emery  or  other  cutting  powders.  Some  of  these  unavoid- 
ably stick  in  the  metal,  and  continue  to  wear  it  down. 
For  this  reason  philosophers,  and  tbe  makers  of  philoso- 
phical instruments,  have  turned  their  chief  attention  to  tbe 
improvement  of  the  syringe  with  valves.  We  have  been 
thus  minute  in  tbe  account  of  the  operation  of  rarefaction, 
that  the  reader  may  better  understand  the  value  of  these 
improvements,  and  in  general  tbe  operation  of  tbe  princi- 
pal pneumatic  engines. 

Of  the  Jir-Pump. 

Ak  Air-Pcmf  is  nothing  but  an  exhausting  syringe, 
accommodated  to  a  variety  of  experiments.  It  was  first 
invented  by  Otto  Guericke,  a  gentleman  of  Magdeburg, 
in  Germany,  about  the  year  1654.  We  bust  that  it  will 
not  be  unacceptable  to  our  readers  to  see  this  instrument, 
which  now  makes  a  principal  article  in  a  philosophical  ap- 
paratus, in  its  first  form,  and  to  trace  it  through  its  suc- 
cessive steps  to  its  present  state  of  improvement. 

Guericke,  indifferent  about  the  solitary  possession  of  aa 
invention  which  gave  entertainment  to  numbers  who  came 
to  see  his  wonderful  experiments,  gave  a  minute  descrip- 
tion of  all  his  pneumatic  apparatus  to  Gaspar  Scbottua,  pro- 
fessor of  mathematics  at  Wirtemberg,  who  immediately 
published  it  with  the  author's  consent,  with  an  account  of 
some  of  its  performances,  first  in  1657,  in  his  MeckanicaBy- 
draulico-pnetcniatica ;  and  then  in  his  Techmca  Curk*a,  in 
1664,  a  curious  collection  of  all  the  wonderful  performances 
of  art  which  he  collected  bya  correspondence  overall  Europe. 

Otto  Guericke's  air-pump  consists  of  a  glass  receiver  A 
(Fig.  16.),  of  a  form  nearly  spherical,  fitted  up  with  a  brass 
cap  and  cock  B.  The  nozzle  of  tbe  cap  was  fixed  to  a 
syringe  CUE,  also  of  brass,  bent  at  D  into  half  a  right 

DigitizedbyGoOgle' 


nnuMATicf.  567 

angle.  This  had  a  valve  at  I),  opening  from  the  receiver 
into  the  syringe,  and  shutting  when  pressed  in  the  op- 
posite direction.  In  the  upper  side  of  the  syringe  there  is 
another  valve  F,  opening  from  the  syringe  into  the  exter- 
nal air,  and  abetting  whan  pressed  inwards.  The  piston 
had  no  valve.  The  syringe,  the  ooek  B,  and  the  joint  of 
the  tube,  were  immersed  in  a  cistern  filled  with  water. 
From  this  description  it  is  easy  to  understand  the  opera- 
tion of  the .  instrument.  When  the  piston  was  drawn  up 
from  the  bottom  of  the  syringe,  the  valve  F  was  kept  shut 
by  the  pressure  of  the  external  air,  and  the  valve  D  opened 
by  the  elasticity  of  the  air  in  the  receiver.  When  it  was 
pushed  down  again,  the  valve  D  immediately  shut  by  the 
superior  elasticity  of  the  air  in  the  syringe ;  and  when  this 
was  sufficiently  compressed,  it  opened  the  valve  F,  and  was 
discharged.  It  was  immersed  in  water,  that  no  air  might 
find  Us  way  through  the  joints  or  cocks. 

It  would  seem  that  this  machine  was  not  very  perfect, 
tor  Guericke  says  that  it  took  several  hours  to  produce  an 
evacuation  of  a  moderate-sized  vessel ;  but  he  says,  that 
when  it  was  in  good  order,  the  rarefaction  (for  he  acknow- 
ledges that  it  was  not,  nor  could  be,  a  complete  evacua- 
tion) was  so  great,  that  when  the  cock  was  opened,  and 
water  admitted,  it  filled  the  receiver  bo  as  sometimes  to 
leave  no  more  than  the  bulk  of  a  pea  filled  with  air.  This 
is  a  little  surprising ;  for  if  the  valve  F  be  placed  as  far 
from  tlie  bottom  of  the  syringe  as  in  Schottus's  figure, 
it  would  appear  that  the  rarefaction  could  not  be  greater 
than  what  must  arise  from  the  air  in  DF  expanding  tilt  it 
filled  the  whole  syringe ;  because  as  soon  as  the  piston  in 
its  descent  passes  F  it  can  discharge  no  more  air,  but  must 
compress  it  between  F  and  the  bottom,  to  be  expanded 
again  when  the  piston  is  drawn  up.  It  is  probable  that  the 
piston  was  not  very  tight,  but  that  on  pressing  it  down 
.it  allowed  the  air  to  pass  it;  and  the  water  in  which  (he 
whole  was  immersed  prevented  the- return  of  the  air  when 
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it  was  drawn  op  again ;  end  this  accounts  for  the  great  am 
necessary  for  producing  the  denied  ruenctko. 

Guerlcke,  being  a  gentleman  of  fortune,  spared  no  ex- 
pease,  and  added  a  part  to  the  machine,  which  saved  fan 
numerous  visitants  the  trouble  of  hour*  attendance  before 
they  could  see  the  curious  experiments  with  the  rarefied 
air.'  He  made  a  large  copper  Teasel  G  (Fig.  17.),  having 
a  pipe  and  cook  below,  which  passed  through  the  floor  of 
the  chamber  into  an  under  apartment,  where  it  was  joined 
to  the  syringe  immersed  in  the  cistern  of  water,  and  work- 
ed by  a  lever.  The  upper  part  of  the  vessel  terminated 
in  a  pipe,  furnished  with  a  stopcock  H,  surrounded  with  a 
small  brim  to  hold  water  for  preventing  the  ingress  of  air. 
On  the  top  was  another  cap  I,  also  filled  with  water  to  pro- 
tect the  junction  of  the  pipes  with  the  receiver  K.  This 
great  vessel  was  always  kept  exhausted,  and  workmen  at- 
tended below.  When  experiments  were  to  be  performed 
in  the  receiver  K,  it  was  set  on  the  top  of  the  great  vessel, 
and  the  cock  H  was  opened.  The  air  in  K  immediately 
diffused  itself  equally  between  the  two  vessels,  and  was  so 
much  more  rarefied  as  the  receiver  K  was  smaller  than  the 
vessel  G.  When  this  rarefaction  was  not  sufficient,  the  at- 
tendants below  immediately  worked  the  pump. 

These  particulars  deserve  to  be  recorded,  as  they  show 
the  inventive  genius  of  this  celebrated  philosopher,  and  be- 
cause they  are  useful  even  in  the  present  advanced  state  of 
the  study.  Guericke 's  method  of  excluding  air  from  all  the 
joints  of  his  apparatus,  by  immersing  these  joints  in  water, 
is  the  only  method  that  has  to  this  day  been  found  effec- 
tual; and  there  frequently  occur  experiments  where  this 
exclusion  for  a  long  time  is  absolutely  necessary.  In  such 
cases  it  is  necessary  to  construct  little  cups  or  cisterns  at 
every  joint, and  to  fill  them  with  water  or  oil.  In  a  letter 
to  Schottus,  1662-3,  he  describes  very  ingenious  contriv- 
ances for  producing  complete  rarefaction  after  the  elasti- 
city of  the  remaining  air  has  been  so  far  diminished  that  i 
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v  not  able  to  opes  the  valves.  He  opens  the  exhausting 
valves  by  a  plug,  which  is  pushed  in  by  the  hand  i  and  the 
discharging  valve  is  opened  by  a  small  pump  placed  on  Its 
outside,  so  that  it  opens  into  a  void  instead  of  opening 
against  the  pressure  of  the  atmosphere.  (See  Sebotti  Tech- 
nicaCuriosa,-p.  66,70.)  These  contrivances  have  been  laieiy 
added  to  air-pumps  by  Haas  and  Hurler  as  new  inventions. 
It  must  be  acknowledged,  that  the  application  of  the 
pump  or  syringe  to  the  exhaustion  of  air  was  a  very  ob- 
vious thought  on  the  principle  exhibited  in  No  IT,  and  in 
-  this  way  it  was  also  employed  by  Ouericke,  who  first  filled 
the  receiver  with  water,  and  then  applied  the  syringe.  But 
this  was  by  no  means  either  bis  object  or  bis  principle. 
Hk  object  was  not  solely  to  procure  a  Vessel  void  of  air, 
but  to  exhaust  die  sir  which  was  already  in  it ;  and  his 
principle  was  die  power  which  he  suspected  to  be  in  air  of 
expanding  itself  into  a  greater  space  when  the  force  was 
removed  which  he  supposed  to  compress  it  He  expressly 
says  {Tract,  de  Experiment**  Mctgdebvrgicis,  et  in  Epist. 
ad  Schotum),  that  the  contrivance  occurred  to  him  acci- 
dentally when  occupied  with  experiments  on  the  Toricellian 
tube,  in  which  he  found  that  the  air  would  really  expand, 
and  completely  fifi  a  much  larger  space  than  what  it  usual- 
ly occupied,  and  that  he  had  found  no  limits  to  the  expan- 
sion, evincing  this  by  facts  which  we  shall  perfectly  under- 
stand by  and  by.  This  was  a  doctrine  quite  new,  and  re- 
quired a  philosophical  mind  to  view  it  in  a  general  and  sys- 
tematic manner ;  and  it  must  be  owned  that  his  manner  of 
treating  the  subject  is  equally  remarkable  for  ingenuity  and 
for  modesty.  (Epist.  ad  Sc&bltum.) 

His  doctrine  and  his  machine  were  soon  spread  over 
Europe.  It  was  the  age  of  literary  ardour  and  philosophi- 
cal curiosity ;  and  it  is  most  pleasing  to  us,  who,  standing 
on  the  shoulders  of  our  predecessors,  can  see  far  around  us, 
to  observe  the  eagerness  with  which  every  new,  and  to  us 
frivolous,  experiment  was  repeated  and  canvassed.     The 
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worshippers  of  Aristotle  were  daily  recti  rag  severe  morti- 
fications from  the  experimenters,  or  empirics,  u  they  affect- 
ed to  call  them,  and  they  exerted  themselves  strenuously  in 
support  of  his  now  tottering  muse.  This  contributed  to 
the  rapid  propagation  of  every  discovery ;  and  it  was  a  most 
profitable  and  respectable  business  to  go  through  the  chief 
cities  of  Germany  and  France  exhibiting  philosophical  ex- 
periments. 

About  this  time  the  foundations  of  the  Royal  Society  of 
London  were  laid.  Mr  Boyle,  Mr  Wren,  Lord  Brounker, 
Dr  Waltis,  and  other  curious  gentlemen,  held  meetings  at 
Oxford,  in  which  were  received  accounts  of  whatever  was 
doing  in  the  study  of  nature ;  and  many  experiments  wen 
exhibited.  The  researches  of  Galileo,  Toricelli,  and 
Paschal,  concerning  the  pressure  of  the  air,  greatly  engag- 
ed their  attention,  and  many  additions  were  made  to  their 
discoveries.  Mr  Boyle,  the  most  ardent  and  successful 
studier  of  nature,  bad  the  principal  share  in  these  improve- 
ments, his  inquisitive  mind  being  aided  by  an  opulent  for- 
tune. In  a  letter  to  his  nephew,  Lord  Dungarvon,  he  saya 
that  he  had  made  many  attempts  to  see  the  appearances  ex- 
hibited by  bodies  freed  from  the  pressure  of  the  air.  He 
had  made  Toricellian  tubes,  having  a  small  vessel  a-top, 
into  which  he  put  some  bodies  before  filling  the  tubes  with 
mercury ;  so  that  when  the  tube  was  set  upright,  and  the 
mercury  run  out,  the  bodies  were  in  vacuo.  He  had  also 
abstracted  the  water  from  a  vessel,  by  a  small  pump,  by 
means  of  its  weight,  in  the  manner  described  in  No  17, 
having  previously  put  bodies  into  the  vessel  along  with  the 
water.  But  all  these  ways  were  very  troublesome  and  im- 
perfect. He  was  delighted  when  he  learned  from  Schottus's 
first  publication,  that  Counsellor  Guericke  had  effected  this 
by  the  expansive  power  of  the  air ;  and  immediately  set 
about  constructing  a  machine  from  his  own  ideas,  no  de- 
scription of  Guericke's  being  then  published. 

It  consisted  of  a  receiver  A  (Fig.  18.),  furnished  with  a 


KibyGoogle 


rUSUMATIC*.  071 

stopcock  B,  and  syringe  CD  placed  in  a  vertical  position 
below  the  receiver.  Its  valve  C  was  in  its  bottom,  close  ad- 
joining to  the  entry  of  the  pipe  of  communication ;  and  the 
hole  by  which  the  air  issued  was  farther  secured  by  a  plug' 
which  could  be  removed.  The  piston  was  moved  by  a 
wheel  and  reckwork.  The  receiver  of  Oneriokea  pump 
was  but  ill  adapted  for  any  considerable  variety  of  expert* 
meats ;  and  accordingly  very  few  were  made  in  it.  Mr 
Boyle's  receiver  bad  a  large  opening  EF,  with  a  strong 
glass  margin.  To  this  was  fitted  a  strong  brass  cap, 
pierced  with  a  bole  G  in  its  middle,  to  which  was 
fitted  a  plug  ground  into  it,  and  shaped  like  the  key  of  a 
cock.  The  extremity  of  this  key  was  furnished  with  a 
■crew,  to  which  could  he  affixed  a.  book,  or  a  variety  of 
pieces  for  supporting  what  was  to  be  examined  .in  the  re- 
ceiver, or  for  producing  various  motions  within  it,  without 
admitting  the  air.  This  was  farther  guarded  against  by 
means  of  oil  poured  round  the  key,  where  it  was  retained 
by  the  hollow  cup-like  form  of  the  cover.  With  all  these 
precautions,  however,  Mr  Boyle  ingeniously  confesses,  that 
H  was  but  seldom,  and  with  great  difficulty,  that  he.  could 
produce  an  extreme  degree  of  rarefaction ;  and  it  appears 
by  Guericke's  letter  to  Schottus,  that  in  this  respect  the 
Magdeburgh  machine  had  the  advantage.  But  moat  of 
Boyle's  very  interesting  experiments  did  not  require  tma 
extreme  rarefaction ;  and  the  variety  of  them,  and  their 
philosophic  importance,  compensated  for  this  defect,  and 
soon  eclipsed  the  fame  of  the  inventor  to  such  a  degree, 
that  the  state  of  air  in  the  receiver;  was  generally  deno- 
minated the  vacuum  BoyUamwn,  and  the  air-pump  w«  called 
machmaa  Botfleaiia.  It  does  not  appear  that  Guericke  was  at 
all  solicitous  to  ""»*""  his  claim  to  priority  or  invention. 
He  appears  to  have  been  of  a  truly  noble  and  fthilosophical 
mind,  aiming  at  nothing  but  the  advancement  of  science. 
-  Mr  Boyle  found,  that  to  make  a  vessel  air-tight,  it  was 
sufficient  to  place  a  piece  of  wet  or  oiled  leather  on  iu  brim, 
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«jd  to  lay  a  fiat  pl«e  of  metal  upon  this.  The  pressure  of 
llw  extenal  air  squeezed  the  two  solid  bodies  bo  hard  toge- 
Ikr,  -that  tbc  soft  leather  effecfoa%  excluded  it  This 
enabled  bi»  t»  render  the  whole  machine  incomparably 
wore  canreeiast  for  a  variety  of  experiments.  He  caused 
the  oewfuit-pipe  to  terminate  in  a  flat  plate  which  he  eoqer. 
ed  with  leather,  and  on  tfci*  he  set  the  gkue  ball  or  receiver, 
wiuck  had both  iu  upper  *nd  lower  bom,  ground  flat.  He 
cowered  the  upper  orifice  in  like"  manner  with  a  piece  of 
oiled  kntbcr  and  a  flat  plate,  having  cocfcia  and  a  variety,  of 
otben  perforations  and  contrivance!  suited  to  his-  purpose*. 
.This  he  Hound  infinitely  more  expeditious,  end  aleo  Ugb£er» 
than  the  clammy  cements  which  be  had  formerly  used  fty 
securing  the  joints. 

.  He  was  now  aaasted  by  Dr  Hooke,  the  moat  ingenjous 
and  inventive  mechanic  that  the  world  h$a  ever  soey.  This 
person  made  a  great  improvement  on  the  air-pump,  by  ap- 
plying two  syringes  whose  piftton^oda  were  wqriujd  by 
the  same  wheel,  as  in  Fig.  SO,  and  putting  valve*  in  the 
pistons  in  the  same  manner  as  in  the  piston  of  a  common 
pump.  This  evidently  doubled  the  expedition  of  the 
pump's  operation :  but  it  also  greatly  diminished  the  labour 
tof  .pumping ;  fox  it  must  be  observed,  that  the  piston  H 
must  be  drawn  up  against  the  pressure  of  the  external  air, 
and  when  the  rantaotioo  is  nearly  perfect,  this  requires  a 
force  of  nearly  15  pounds  for  every  inch  of  the  area  of  the 
piston.  Now  when  one  piston  H  is  at  the  bottom  of  the 
barrel,  the  other  K  is  at  the  top  of  the  barrel,  and  the  air 
Wow  E  is  equally  rare  with  that  in  the  receiver.  There- 
fore the  pressure  of  the  externa]  air  on  the  piston  K  is 
tteork)  equal  to  that  on  the  piston  H.  Both,  therefore,  are 
acting  in  opposite  directions  on  the  wheel  which  gave  them 
motion ;  and  the  force  necessary  far  raising  H  ia  only  the 
difference  between  the  elasticity  of  the  air  in  the  barrel  H 
and  that  of  the  air  in  the  barrel  K.  This  is  very  small  in 
she  beginning  of  the  stroke,  but  gradually  increases  as  the 
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piston  t  descends,  and  becomes  equal  to  the  whole  exeesa 
of  the  sir's  pressure  above  the  elasticity  of  the  remaining 
air  of  the  receiver  when  the  sir  at  K  of  the  natural  density 
begins  to  open  Hie  piston  valves.  An  accurate  attention  to 
the  circumstances  will  show  us  that  the  force  requisite  fbi 
working  the  pump  is  greatest  at  first,  and  gradually  di- 
minishes as  the  rarefaction  advances;  and  when  this  n 
nearly  complete,  hardly  any  more  force  is  required  than 
what  is  necessary  fbr  overcoming  the  friction  of  the  pistons, 
except  during  the  discharge  of  the  air  at  the  end  of  each 
stroke. 

This  is  therefore  the  form  of  the  air-pump  which  it  most 
generally  used  all  over  Europe.  Some  traces  of  national 
prepossession  remain.  In  Germany,  air-pumps  ate  fret 
quently  made  after  the  original  model  of  Guerieke's  (  VVohT 
Cyclomathesis) ;  and  the  French  generally  use  the  pump 
made  by  Papin,  though  extremely  awkward.  We  stMst 
give  &  description  of  Boyle's  air-pump  as  finally  Improved 
by  Hawkeabee,  which,  with  some  small  accommodations  to 
particular  views,  still  remains  the  most  approved  form. 
Here  follows  the  description  from  Desaguliers  : 
It  consists  of  two  brass  barrels  a  a,  a  a  (fig,  19.),  12 
inches  high  and  2  wide.  The  pistons  are  raised  and  de- 
pressed by  turning  the  winch  6  6.  litis  is  fastened  to  on 
axis  passing  through  a  strong-toothed  wheel,  which  lays 
hold  of  the  teeth  of  the  racks  cccc.  Then  the  one  is  raised 
while  the  other  is  depressed ;  by  which  means  the  Valves* 
which  are  made  of  limber  Madder,  fixed  in  the  upper  part 
of  each  piston,  as  well  as  in  the  openings  into  the  bottom 
of  the  barrels,  perform  their  office  of  discharging  the  air 
from  the  barrels,  and  admitting  into  them  the  air  from  the 
receiver  to  be  afterwards  discharged;  and  when  the  re- 
ceiver comes  to  be  pretty  well  exhausted  of  its  air,  tite  pres- 
sure of  the  atmosphere  in  the  descending  piston  is  nearly 
so  great,  that  the  power  required  to  raise  the  other  is  little 
more  than  is  necessary  fbr  overcoming  rne  friction  of  the 
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piston,  which  renden  thia  pump  preferable  to  all  others 
which  require  more  force  to  work  them  a*  the  rarefaction 
of  the  air  in  the  receiver  advance*. 

The  barrels  are  set  in  a  brass  dish  about  two  inches  deep, 
filled  with  water  or  oil  to  prevent  the  insinuation  of  air. 
The  barrels  are  screwed  tight  down  by  the  nuts  e  e,  ee, 
which  force  the  frontispiece  ff  down  on  them,  through 
which  the  two  pillars  gg,  gg  put. 

From  between  the  barrels  rises  a  slender  brass  pipe  A  A, 
communicating  with  each  by  a  perforation  in  the  transverse 
piece  of  brass  on  which  they  stand.  The  upper  end  of  this 
pipe  communicates  with  another  perforated  piece  of  brass, 
which  screws  on  nraittneath  the  plate  Hit,  of  ten  inches 
diameter,  and  surrounded  with  a  brass  run  to  prevent  the 
ffrfdding  of  water  used  in  some  experiments.  This  piece 
of  brass  has  three  branches :  1.  An  horizontal  one  com- 
municating with  the  conduit-pipe  hh.  S.  An  upright  one 
screwed  into  the  middle  of  the  pump-plate,  and  terminating 
in  a  small  pipe  k,  rising  about  an  inch  above  it  3.  Is  a 
perpendicular  one,  looking  downwards  in  the  continuation 
of  the  pipe  it,  and  having  a  hollow  screw  in  its  end  receiv- 
ing the  brass  cap  of  the  gage-pipe  till,  which  is  of  glass, 
84  inches  long,  and  immersed  in  a  glass  cistern  m  m  filled 
with  mercury.  This  is  covered  a-top  with  a  cork  float, 
carrying  the  weight  of  a  light  wooden  scale  divided  into 
inches,  which  are  numbered  from  the  surface  of  the  mer- 
cury in  the  cistern.  This  scale  will  therefore  rise  and  fall 
with  the  mercury  in  the  cistern,  and  indicate  the  true  ele- 
vation of  that  in  the  tube. 

There  is  a  stopcock  immediately  above  the  insertion  of 
the  gage-pipe,  by  which  its  communication  may  be  cut  off. 
There  is  another  at  n,  by  which  a  communication  is  opened 
with  the  external  sir  for  allowing  its  read  mission ;  and  there 
is  sometimes  another  immediately  within  the  insertion  of  the 
conduct-pipe  for  cutting  off  the  communication  between  the 
receiver  and  the  pump.     This  is  particularly  useful  when 
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the  rarefaction  is  to  be  continued  long,  as  there  are  by  these 
means  fewer  chances  of  the  insinuation,  of  air  by  the  many 
joints. 

The  receivers  are  made  tight  by  simply  setting  them  on 
the  pump-plate  with  a  piece  of  wet  or  oiled  leather  be- 
tween ;  and  the  receivers,  which  are  open  a-top,  have  a 
brass  cover  set  on  them  in  the  same  manner.  In  these  co- 
vers there  are  various  perforations  and  contrivances  for  va- 
rious purposes.  The  one  in  the  figure  has  a  slip  wire  pass- 
ing through  a  collar  of  oiled  leather,  having  a  hook  or  a 
screw  in  its  lower  end  for  hanging  any  thing  on  or  produc- 
ing a  variety  of  motions. 

Sometimes  the  receivers  are  set  on  another  plate,  which 
has  a  pipe  screwed  into  its  middle,  furnished  with  a  stop- 
cock and  a  screw,  which  fits  the  middle  pipe  k.  When  the 
rarefaction  has  been  made  in  it,  the  cock  is  shut,  and  then 
the  whole  may  be  unscrewed  from  the  pump,  and  removed 
to  any  convenient  place.  This '  is  called  a  transporter 
plate. 

It  only  remains  to  explain  the  gage  ////.  In  the  ordi- 
nary state  of  the  air  its  elasticity  balances  the  pressure  of 
the  incumbent  atmosphere.  We  find  this  from  the  force 
that  is  necessary  to  squeeze  it  into  less  balk  in  opposition 
to  this  elasticity.  Therefore  the  elasticity  of  the  air  in- 
creases with  the  vicinity  of  its  particles.  It  is  therefore 
reasonable  to  expect,  that  when  we  allow  it  to  occupy  more 
room,  and  its  particles  are  farther  asunder,  its  elasticity 
will  be  diminished  though  not  annihilated ;  that'  is,  it  will 
no  longer  balance  the  whole  pressure  of  the  atmosphere, 
though  it  may  still  balance  part  of  it  If  therefore  an  up- 
right pipe  have  its  lower  end  immersed  in  a  vessel  of  mer- 
cury, and  communicate  by  its  upper  end  with  a  vessel  con- 
taining rarefied,  therefore  less  elastic,  air,  we  should  expect 
that  the  pressure  of  the  air  will  prevail,  and  force  the  mer- 
cury into  the  tube,  and  cause  it  to  rise  to  such  an  height 
that  the  weight  of  the  mercury,  joined  to  the  elasticity  of 
6 
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the  rarefied  air  acting  on  its  upper  surface,  shall  be  exactly 
tt)u«l  to  the  whole  pressure  of  the  atmosphere.  The  height 
of  the  mercury  is  the  exact  measure  of  that  part  of  the 
whole  pressure  which  is  bat  balanced  by  the,  elasticity  of 
the  rarefied  air,  and  its  deficiency  from  the  height  of  the 
mercury  in  the  TorieelUan  tube  is  the  exact  measure  of  this 
remaining  elasticity. 

It  is  evident  therefore,  that  the  pipe  will  be  a  scale  of 
the  elasticity  of  the  remaining  air,  and  will  indicate  in  some 
Sort  the  degree  of  rarefaction :  for  there  must  be  some  ana- 
logy between  the  density  of  the  air  and  its  elasticity ;  and 
we  have  no  reason  to  imagine  that  they  do  not  increase  and 
diminish  together,  although  we  may  be  ignorant  of  the 
Jaw,  that  is,  of  the  change  of  elasticity  corresponding  to  ft 
known  change  of  density.  This  is  to  be  discovered  by  ex- 
periment ;  and  the  air-pump  itself  furnishes  us  With  the 
best  experiments  for  this  purpose.  After  rarefying  till  the 
mercury  in  the  gage  has  attained  half  the  height  of  that  in 
die  Toricellian  tube,  shut  the  communication  with  the  bar- 
rels and  gage,  and  admit  the  water  into  the  receiver.  It 
will  go  in  till  all  is  again  in  equilibrio  with  the  pressure  of 
the  atmosphere ;  that  is,  till  the  air  in  the  receiver  has  col- 
lapsed into  its  natural  bulk.  This  we  can  accurately  mea- 
sure, and  compare  with  the  whole  capacity  of  the  receiver;; 
and  thus  obtain  the  precise  degree  of  rarefaction  correspond- 
ing to  half  the  natural  elasticity.  We  can  do  the  same 
thing  with  the  elasticity  reduced  to  one-third,  one-fourth. 
Sic,  and  thus  discover  the  whole  law. 

This  gage  must  be  considered  as  one  of  the  most  inge- 
nious and  convenient  parts  of  Hawkesbee's  pump ;  and  it 
is  well  disposed,  being  in  a  situation  protected  against  ac- 
cidents ;  but  it  necessarily  increases  greatly  the  size  of  the 
machine,  and  cannot  be  applied  to  the  table-pump,  repre- 
sented in  Fig.  SO,  No.  1.  When  it  b  wanted  here,  a  small 
{Hate  is  added  behind,  or  between  the  barrels  and  receiver; 
and  on  this  is  set  a  small  tubulated  (as  it  is  termed)  re- 
7 
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cejver,  covering  a  common  weather-glass  tube.  This  re- 
cover being  rarefied  along  with  the  other,  the  pressure  on 
the  mercury  m  the  cistern,  arising  from  the  elasticity  of  the 
remaining  air,  is  diminished  so  as  to  bo  do  longer  able  to 
support  the  mercury  at  its  full  height ;  and  it  therefore 
descends  till  the  height  at  which  it  stands  puts  it  in  equiri- 
brio  with  the  elasticity.  In  this  form,  therefore,  die  height 
of  the  mercury  is  directly  a  measure  of  the  remaining  elas- 
ticity ;  while  in  the  other  it  measures  the  remaining  un- 
balanced pressure  of  the  atmosphere.  But  this  gage  is  ex- 
tremely cumbersome  and  liable  to  accidents.  We  are  sel- 
dom, much  interested  in  the  rarefaction  till  it  is  great :  a 
contracted  form  of  this  gage  is  therefore  very  useful, 
and  was  early  used.  A  syphon  ABCD  (Fig.  81.)  each 
branch  of  which  is  about  four  inches  long,  and  dose  at  A 
and  open  at  D,  is  filled  with  boiling  mercury  till  it  occu- 
pies the  branch  AB  and  a  very  small  part  of  CD,  having 
it*  surface  at  O.  This  is  fixed  to  a  small  stand,  and  fixed 
into  the  receiver,  along  with  the  things  that  are  to  be  ex- 
hibited in  -the  rarefied  air.  When  the  sir  has  been  rare- 
fied till  its  remaining  elasticity  is  not  able  to  support  the 
column  BA ,  the  mercury  descends  in  AB,  and  rises  in 
CD,  and  the  remaining  elasticity  will  always  be  measured  ' 
by  the  elevation  of  the  mercury  in  AB  above  that  in  the 
leg  CD.  Could  the  exhaustion  be  perfected,  the  surfaces 
in  both  legs  would  be  on  a  level.  Another  gage  might  be 
put  into  the  same  foot,  having  a  small  bubble  of  air  at  A. 
This  would  move  from  the  beginning  of  the  rarefaction; 
but  our  ignorance  of  the  analogy  between  the  density  and 
elasticity  binders  us  from  using  it  as  a  measure  of  either. 

It  is  enough  for  our  present  purpose  to  observe,  that 
the  barometer  or  syphon  gage  is  a  perfect  indication  and 
measure  of  the  performance  of  an  air-pump,  and  that  a 
pump  ia  (catera  paritmt)  so  much  the  more  perfect,  as  it 
is  able  to  raise  the  mercury  higher  in  the  gage.  It  is  in 
this  way  that  we  discover  that  none  can  produce  a  compiete 
Vol.  HI.  SQ 
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exhaustion,  and  that  their  operation  it  (auyavery  aneat 
rarefaction;  forBoneouinbetlienwrcurytodwthdghtat 
a-hiuh  it  stands  ia  the  TorioeUUB  tube,  wall  purged  of  air. 
FewpqmpiwiUbrmgitwkhm^afanJrMsh.  Hamfaamvm, 
fitted  up  according  to  his  Jnatrncrinpa,  wifl  seldom  Mag  it 
within  J.  Pumps  with  cooks,  when  abstracted  aeonsdtng 
to  the  principles  mentioned  wban  speaking  of  the  exhaust- 
ing syringe,  and  new  and  ia  fine  order,  wiH  in  rhvonmbte 
OJrcuautKkCM  bring  it  within  ^,.  None  with  valves,  fitted 
ay  with  wet  leather,  or  whan  water  or  volatile  fluid*  are 
allowed  aocess  into  any  part,  will  bring  it  newer  than  f 
Nay,  M  ptnap  of  the  beat  kind,  and  in  (fee  fittest  odor,  w9 
Jbjiw  its  rarefying  power  reduced  to  the  lowest  standard, 
M  measured  by  this  gaga,  if  we  put  into  the  receiver  the 
tenth  part  of  a  square  inch  of  white  sheep-dan,  fresh  from 
the  shops,  or  of  any  substance  equally  damp.  This  ia  a 
datnunrj-  made  by  means  of  the  iasnroeed  tip-pomp,  and 
loads  to  very  extensive  and  anportant  eonsequeneea  in  ge- 
neral physios ;  some  of  which  will  be  treated  of  under  -tins 
article;  and  the  aberration  is  made  thus  early,  that  «v 
■cadets  way  better  nndemtand  the  improvements  winch 
bam  been  made  on  this  cajabaatai  machine. 
.  at  would  requite  a  volume  to  describe  all  the  changes 
attack  have  been  made  en  H-  An  instrument  of  such  mul- 
ettariaaa  use, -and  in  the  hnaris  of  curious  men,  each  diving 
mto  the  secrete  of  nature  ai  Ins  favourite  line,  must  nave 
received  many  alterations  and  real  improvements  in  many 
particular  respects.  But  these  are  beside  onr  present  pur- 
snae;  whieh  is  to  consider  it  merely  as  a  machine  for  rare- 
fying elastic  ar  expansive  fluids.  We  must  therefbre  can- 
fine  ouaseives  to tfaw  view  of  it;  end  shall  carefaHy  state 
a»  our  readers  every  impeovonent  founded  on  principle, 


All  who  used  it  peroei  vad  the  Knit  set  to  the  raref  action 
by  the  resistance  of  the  valves,  and  Cried  to  perfect  the 
construction  of  the  ooeke.     The  Abbe  Nonet  and  Grave- 
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mate,  two* then 

in  fiwropo,  MK.dn'Ont  nisceasfol 

IftV  OvaV*and»  jusdy  preferred  Hooke's  plan  of  a 
double  pump,  and  aaatriVeri  an  irsyesoros  to*  inning  the 
cook*  by  the  eoetinn  m£  oke  pomp**  handle.  Tkis  is  tar 
fttm  either  b««f  nmpteot<^<yia  working;  and  oedunM 
great  jeite  and  oeooaeaicn*  in  the  whols  iqaefajne.  This, 
howCTw,  igiiotamiawLiftyPb— oted wwfajttowdy pma. 
watiiri  iaspwretaoB*.  ifis  piotoa  has  no  talve,  and  the 
M^i9i»BUMtad*ithitbyB«*i»™pl>:(Pia;.««.),  aaitta 
common  pump.  The  rod  has  a  cyliodric  part,  cp,  which, 
panes  tfanwgh  A*  eusrap,  and  baa  a  ttaf  raation  an  it  bp 
and  down  -of  about  half  an  inch;  baa;  Mapped  by  tb* 
snmdder  •  above  ond  ties  nut  bnW<  Tke  rousd  plate 
supported  by  this  stirrup  baa  ■  abort  aqu*tn  £ubee*V 
which  fit*  tight  into  the  bole  of  a  piecenfcork  V.  The- 
round  plate  £  ha*  a  MpjaW  efcorik  g,  which  gees  into  the- 
square  (abend.  Apwceofthin  talker/;  istsdaH  'hucdLi 
i«  pot  between  the  cork  and  the  pkt*  lfi,  und  aobtkaHbaq 
tween  the  eerk  and  tite  plate  wfaseh  -Jbrantthe  sole ■«■*  (the 
stirrup.  AH  thaee  pleat*  or*  aofewad  tofatn«rby«hesauV 
e,  wboaeflatlwad  eo*en  tbe  bote  «.  aWppaae,  tfaaifia^1 
d«  piston  touching  die  bottom rf  the  bairei,  andabeamrhi 
turning  totalaehagsfe,  toe  ftiaucn  of  the  aiManon  **: 
bairel  keeps  it  in  its  place,  and  the  rod  is  drawn  up  tlnvOgtr 
toe  etirrap  D.  Thus  tbe  wheel  baa  liberty  to  burn  about 
an  inch;  and  ihii  ii  imihiiiil  far  taming  the  pock,  so  as 
toeut  off  the  tommyaiiuation  widi  the  calama  ai^  sad' to  < 
open  tbt  cumumaitttiau  whh  the  ncccver.  Tins  being 
dose,  and  the  motion  of  die  winch  continued,  the  piston  er 
raised  to  the  top  of  the  barreL  Wken  the  winch  nUaioed 
in  the  oppoake  direction,  the  piston  wtmoan  fixed  ail)  the 
coelt  is  turned*  niiw  shut  the  cxmmmiiaama  with-«h* 
receiver,  and  open  that  with  the  external  air. 

Thin  is  a  pretty  contturance,  and  does  not  at  first  apt; ; 
pea*  neawswy ;   because  tne  cock*  n%ht  be  *»ado  to  ion* ' 
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at  the  beginning  snd  end  of  the  stroke  without  it  But 
this  is  just  possible ;  and  the  smallest  erne  of  adjustment, 
or  wearing  of  the  apparatus,  will  came  then  to  be  opes  at 
improper  times.  Besides,  the  cocks  are  not  turned  is  am 
instant,  and  are  improperly  open  during  some  very  small 
time;  but  this  contrivance  completely  obviates  thia  difficulty. 

The  cock  it  precisely  aanihr  to  that  formerly  dnatfribed, 
baring  one  perforation  diametrically  through  it,  and  ano- 
ther entering  at  right  angles  to  this,  and  after  reaching  the 
centre,  it  passes  along  the  axis  of  the  cock,  and  comes  out 
to  the  open  air. 

It  is  evident,  that  by  this  construction  of  the  cock,  the 
ingemoiM  improvement  of  Dr  Hooke,  by  which  the  plea- 
sure of  the  atmosphere  on  one  piston  is  made  to  balance 
(m  great  part)  the  pressure  on  the  other,  is  given  up:  for, 
whenever  the  ooaomumcation  with  the  air  is  opened,  it 
rushes  in,  and  immediately  balances  the  pressure  on  the 
upper  aaie  of  the  piston  in  this  barrel ;  so  that  the  whole 
pea  pure  in  the  other  mutt  be  overcome  by  the  per*** 
working  the  pump.  Graveeande,  aware  of  this,  put  a 
valve  on  the  orifice  of  the  cock ;  that  is,  tied  a  slip  of  wet 
bladder  or  oiled  leather  across  it ;  and  now  the  piston  is 
pressed  down,  as  long  as  the  air  in  the  barrel  is  rarer  than 
the  outward,  air,  in  the  same  manner  as  when  the  valve  is  ' 
in  the  piston  itself. 

This  is  all  that  is  necessary  to  be  described  in  Mr  Grnve- 
sande's  air-pump.  Its  performance  is  highly  extolled  by 
him,  as  far  exoneding  his  former  pumps  with  valves.  The 
same  preference  was  given  to  it  by  bis  successor  Muschen- 
beonk.  But,  while  they  both  prepared. the  pistons  sad 
valves  and  leathers  of  the  pump,  by  steeping  them  in  oil, 
and  then  in  a  mixture  of  water  and  spirits  of  wine,  we  are 
certain  that  no  just  estimate  could  be  made  of  its  perform- 
ance. For  with  this  preparation  it  could  not  bring  the 
-  gage  within  J.  of  an  inch  of  the  barometer.  We  even  see 
other  limits  to  its  rarefaction :  from  i»  construction,  it  is 
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plain  that  a  very  considerable  space  is  left  between  the 
piston  and  cock,  not  less  than  an  inch,  from  which  the  air 
ia  never  expelled ;  and  if  this  be  made  extremely  small,  it 
ia  plain  that  the  pump  moat  be  worked  very  alow,  other* 
wise  there  will  not  be  time  for  the  sir  to  diffuse  itself  from 
the  receiver  into  the  barrel,  especially  towards  the  end, 
when  the  expelling  force,  via.  the  elasticity  of  the  remain- 
ing air  is  very  smalt.  There  ia  also  the  same  limit  to  the 
rarefaction,  as  in  Hooke's  or  Hawkesbee's  pump,  opposed 
by  the  value  E,  which  will  not  open  till  the  air  below  the 
'  piston  ie  considerably  denser  than  the  external  air :  and  this 
pump  soon  lost  any  advantages  it  possessed  when  fresh  from 
the  workman's  hands,  by  the  cock's  growing  loose  and  ad- ' 
Matting  air.  It  is  surprising  that  Gravesande  omitted 
Hawkesbee's  security  against  this,  by  placing  the  barrels 
in  a  dish  filled  with  oil ;  which  would  effectually  have  pre- 
vented, this  inconvenience. 

We  must  not  omit  a  seemingly  paradoxical  observation 
of  Gravesande,  that  in  a  pump  constructed  with  valves,  and 
worked  with  a  determined  uniform  velocity,  the  required 
degree  of  rarefaction  is  sooner  produced,  by  short  barrels 
dun  by  long  ones.  It  would  require  too  much  time  to 
give  a  general  demonstration  of  this,  but  it  will  easily  be 
seen  by  an  example.  Suppose  the  long  barrel  to  have 
equal  capacity  with  the  receiver,  then  at  the  end  of  the  first 
stroke  the  air  in  the  receiver  will  have  J  its  natural  density. 
Now,  let  the  short  barrels  have  half  this  capacity ;  at  the 
end  of  the  first  stroke  the  density  of  the  air  in  the  receiver 
is  |,  and  at  the  end  of  the  second  stroke  his  $,  which  is  leas, 
than,,  and  the  two  strokes  of  the  short  barrel  are  supposed 
to  be  made  ib  the  same  time  with  one  of  the  longest,  Sj«-  , 
-  Hawkesbee's  pump  TneJntaiaW  its  pre-eminence  without 
rival  in  Britain,  and 'generally  too  on  the  continent,  except 
in  France-,  where  every  thing  took  the  am  of  the  Academy, 
which  abhorred  being'  indebted  to  foreigners  for  any  wing 
7 

Digitized  bvG00g[e 


iri  scienrtj  tiD  abous  the  year  lWfcVwhesi  h.engaged  she 

attentio*  (if  Me  John  Smsae***  a  pawon,  *rf  AhohM 
hnflwledget  and  «ernnd  to  nba*  bnt  JDi  xSoafta  aa  sagacity 
ood  mechanical  reioune.  Hs  wm  then  a  nuuWofi  jdrile* 
fvfliitat  hisanateatt,  and  made  Harry  attsntpta  to  perfeet 
the  poihps  wife  oocka,  but  founds  that  whatever  nenfartMn 
be  could  bring  them  fed,  he  could  bob  enable,  thorn  to  was* 
■ettveit;  and  he  never  would  sell  tfneefi  tads  caoanraoboOi 
He  therefore  attaclwd  hbntelf solely!  to  fhe  valve  pomp* 

The  first  thing  was  to  dtrnkmh,  thenaistancetrithe  entry 
of  the  aii  fccta  tiw  tccdvec  into  the  Hanreki :  tins  ha  Beat 
dend  almost  lwtfcing,  by  easatahsg  the  satfmce  «b  which 
this  feeble  elastic  an-  was  to  pre*.  Instead  of  Hashing 
these  valves  to  open  by  its  pBtssaca  on  a  chicle  of  ^  of  aa 
hash  id  diameter*  he  made  the  val*e4iosr«ne  incn^  dhns** 
tesy  enlarging  the  ■urfeoe  4(*>  timet;  rind  to  prerent  that 
piece  Of  thin  leafier  from  being  bunt  by the  great  *t£aftm 
on  it,  when  the  pbtaa  in  its  descent  was-  atajMaahing  the 
bottom  of  the  barrel,  ha  nipported  it  by  a  debate  hut 
strong  grating,  dividing  the  vslvsdiole  like  the  section  of  c 
boneyjcdmby  aa  represented,  in  Tig.  w>;  and  the  ribs  of 
this  grating  we  Men  edgewise  in  Fig.  £8,  at  ao«. 
,  The  valva  was  a  piece  of  thin.  naMibuaae  or  trited  silk, 
gently  strained!  over  the  monoa  of  the  vJaWheley  and  that 
on  by  a  flue  iill  saraad  imiiml  miaul  itt  inlhi  imnn  iuhbhii 
that  theriarrow  b%9  had  been  tied  on  formerly.  Tsnsdone, 
he. cut  with  a  pointed  knife  the  leather  round  the.  edge, 
nearly  tout  qaadraatal  area,  leaving  a  UndU  tongue'  be- 
tween esshf  as  in  Fur.  2b,  The  strained  Valve  iaidto 
diatebr  shrinks  inwards,  as  represented  by  the  shaded 
parts;. and  the  strain  by  which  it  -is  kept  doe*  it  new 
greatly  dmrininhid,  taking  pane  easy  at  the  corners.  The 
gratings  being  reducedrnearly  toanodgefbutnot  quite,  hat' 
they  should  lout),  fefaerb  is  very  ihtle  prewure-to  produce 
tjktfqq  iby  the  onaasny  oil.     Thus  it  apwtah^  that  a  very 
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■Mil  eJastiety  of  the  ah-  ia  the  receiver  mil  be  mMmML  to 
raise  the  ts.Iv* ;  and  Mr  Smeaton  found,  that  when  it  mt 
iM  able  to  do  tent  at  frit,  when  only  about  ,J,  of  the  M> 
tural  elasdeHy,  h  wo*ld  d»  it  after  keeping  the  pistea  of 
Mgbt  or  ten  seeondev  (be  air  having  been  til  the  while  uo* 
dWrimng  the-vabro,  and gradually  detaching  it  from  the 

TJafctttnaftfly  he  could  ant  fcuow  thu  method  with  the 
fasten  talve.  There  was aot  room  round  the  rod  fi)p*u*n 
m  expanded  vake  j  and  it  would  have  obliged  Ma  «>  have 
•  great  space  beW  the  rslve,  from  which  be  eduld  net  ex. 
pel  the-  ok  by  the  descent  of  the  piston.  Sal  ingenuity 
bit  on  a  way  of  increasing  the  expelling  force  through  the 
eesmnon  talve :  he  enoloeed  the  rod  of  the  piston  in  *  col- 
lar of  leather  /,  through  winch  it  Moved  freely  without 
allowing  any  air  to  get  past  its  sides.  Per  greater  teea> 
iter,  the  eoUar  of  leather  was  contained  in  a  box  ternuoau 
ing  in  a  cup  filled  with  oil.  As  this  makes  a  material 
change  to  the  principle  of  eonttruetkn  of  the  air-pump 
(and  indeed  of  pneumatic  engines  in  general),  and  a*  What 
been  adopted  in  all  the  subsequent  attempts  to  improve 
them,  it  menu  a  particular  consideration. 

The  piston  itself  eonsista  of  two  pieces  of  braes  issbmed 
by  screws  from  below.  The  uppermost,  which  is  of  one 
solid  piece,  with  the  rod  GH  (fig.  «&),  »  of  a  dia- 
meter somewhat  km  than  the  barrel  \  so  that  when  they 
are  screwed  together,  a  piece  of  leather,  soaked  in  a  mix- 
ture of  boiled  oil  and  tallow,  is  put  between  them;  and 
when  the  piston  is  thrust  into  the  barrel  from  above,  the 
leather  comes  up  around  the  side  of  the  piston,  and  fills 
die  barrel,  making  the  piston  perfectly  air-tight  The 
lower  nsdf  of  the  piston  project*  upwards  kite  the  Upper, 
which  h*#  a  hoUow^o  eg  to  receive  it.  There  is  a  tnaaU 
hole  through  the  lower  half  at  a  to  admit  the  air ;  and  a 
bole  c  d  in  the  upper  half  to  let  it  through,  and  there  is  a 
shpof  oded  silk  ■trained  acros*  the  hole  «  by  way  of  valve, 
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and  there  is  room  enough  left  at  b  c  for  tbiB  valve  Co  riw  a 
little  when  pressed  from  below.  "Hie  rod  GH  passe* 
through  the  piece  of  brass  which  forms  the  top  of  the  bar- 
rel so  as  to  move  freely,  but  without  any  sensible  shake : 
this  top  is  Conned  into  a  hollow  box,  consisting-  of  two 
pieces  ECDF  and  CNOD,  which  screw  together  at  CD. 
This  box  is  filled  with  rings  of  oiled  leather  exactly  fitted 
to  its  diameter,  each  having  a  bole  in  it  for  the  rod  to  pass 
through.  When  the  piece  ECDF  is  screwed  down,  it 
compresses  the  leathers ;  squeezing  them  to  the  rod,  so  that 
'  no  air  can  pass  between  them ;  and,  to  secure  us  against 
all  ingress  of  air,  the  upper  part  is  formed  into  a  cup  EF, 
which  is  kept  filled  with  oil. 

The  top  of  the  barrel  is  also  pierced  with  a  hole  LK, 
which  rises  above  the  flat  surface  NO,  and  has  a  sbp  of 
oiled  silk  tied  over  it  to  act  as  a  valve ;  opening  when 
pressed  from  below,  but  shutting  when  pressed  from 
above. 

The  communication  between  the  barrel  and  receiver  ia 
made  by  means  of  the  pipe  ABPQ ;  and  there  goes  from 
the  hole  K  in  the  top  of  the  barrel  a  pipe  KRST,  which 
either  communicatee  with  the  open  air  or  with  the  receiver, 
by  means  of  the  cock  at  its  extremity  T.  The  conduit 
pipe  ABPQ  has  also  a  cock  at  Q,  by  which  it  is  made  to 
communicate  either  with  the  receiver  or  with  the  open  air. 
These  channels  of  communication  are  variously  conducted 
and  terminated,  according  to  the  views  of  the  maker:  the 
sketch  in  this  figure  is  sufficient  for  explaining  the  princi- 
ple, and  is  suited  to  the  general  form  of  the  pump,  as  it 
has  been  frequently  made  by  Nairoe  and  other  artists  in 
London. 

Let  us  now  suppose  the  piston  at  die  top  of  the  barrel, 
and  that  it  applies  to  it  all  over,  and  that  the  air  in  the 
barrel  is  very  much  rarefied :  in  the  common  pump  the 
piston  valve  is  pressed  hard  down  by  the  atmosphere,  and 
continues  shut  till   the  piston  gets  fin-  down,  condenses 
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the  sir  below  k  beyond  its  natural  state,  and  euUti  it  to 
force  up  the  valves.  -  Bat  here,  m  booh  at  the  piston  quite 
the  top of  the  barrel,  it  haves  *  void  behind  it ;  forno  an- 
gels in  round  the  piston  rod,  and  the  valve  at  E  is  shut  by 
the  pressure  of  the  atmosphere.  There  is  nothing  now  to  • 
oppose  the  elasticity  of  the  air  below  but  the  stiffness  of  the 
valve  Ac;  and  thus  the  expelling  (or  more  accurately  the 
liberating)  force  is  prodigiously  'union  mil  .     . 

The  superiority  of  tins  construction  will  he  best  seen  by 
an  example.  Suppose  the  sQnness  of.  the  valve  equal  to 
the  weight  of  jV  of  an  inch  of  mercury,  when  the  basnweaar 
stands  at.  SO  inches,  and  that  the  pump  gage  stands  at 
39.0 ;  then,  in  an  ordinary  pump,  iite  valve  in  the  piston 
will  not  rise  till  the  piston  bet  got  within  the  900th  part  of 
the  bottom  of  the  barrel,  and  it  will  leave  the;  valveJub 
Baled  with  air  of  the  ordinary  density.  But  in  Una  pump 
the  valve  will  rise  as  soon  at  the  piston  quits  the  top  of  the 
barrel ;  and  when  it  is  quite  down,  the  valve-hole  a  will 
ecotainonly  the  300th  part  of  the  air  which  it  would  have 
contained  inn  pump  of  the  ordinary  form.  Suppose  far- 
ther, that  the  barrel  is  of  equal  capacity  with  the  reoeiver, 
and  that  both  pumps  are  so  badly  constructed,  that  the 
space  left  below  the  piston  is  the  300th  part  of  the  barrel. 
In  the  common  pump  the  piston  valve  will  rise  no  more, 
and  the  rarefaction  can  be  carried  no  farther,  however  de- 
licate the  barrel  valve  may  be ;  but  in  thin  pump  the  next 
stroke  will  raise  the  gage  to  29-96,  and :  the  pitton  valve 
will  again  rise  as  soon  as  the  piston  gets  half  way  down  the 
barrel. 

The'  limit  to  the  rarefaction  by  this  pump  depends 
chiefly  on  the  space  contained  in  the:  bole  LE ;  and  in  the 
space  bed  of  the  piston.  When  the  piston  Ts  brought  up 
to  the  top,  and  applied  dose  to  it,  those  apsnaa  remain 
filled  with  the  air  of  the  ordinary  density,  which  will  em.- 
pand  aa  the  piston  dmct-jons,  and  thus  will  retard  .tha  open- 
ing of  ths  [listen  valve.    The  rarefaction ,  will  .Hflp  when 


eW  ililftil j  of thin ttuli  qnsnnty  of  air,  exnohdeieeaa 
to-  £11  she  whale  tend  (by  tha  desasnt  a*  <he  teaton  to  the 
bottom),  is  just  equal  to  the  tela  UtfomU  Sat  oponsna; 
toe  piston  raWe. 

Another  ■away  attendtog  this  WMtJdilko  to,  ahnaje, 
drawing  op  the  pttton,  mtnm  ransnaa  by  "he  wheat 
passant*  of  the  nir;  because  the  sir  *  serened  eboM  «*■ 
piston  to  well  at  below  fa»  and  tha  piaton  bin  | ilaianto  At 
amne  state  of  pressure  u  if  eannesleil  with  another  piston 
to  a.  doubkt  pump.  Tha  renstonce  to  tha  assent  of  the 
piston  is ifao  excess  of  the  elasticity  of  the  air  abore  it  ate* 
tn»abnacity  of  tha  ah?  below:  thuv  towasd  tha  end  of  tht 
naesncuon,  is  vary  email,  while  the  piston  u  naar  the  hot 
torn  of  the  barrel,  bat  gradually  increases  as  tha  piste* 
riaea,  and  reduce*  the  air  abore  it  into  smeller  dhwaaaraia. 


the  sir  above  the  pistoa  ia  of  tha  counaon  aaaajry.    If  we 

should  raise  the  piston  still  farther,  w*  most  condense  tha 
air  abore  it:  but  Mr  SraasWn  baa  hare  mads  an  issue  fte 
tha  air  by  a  small  hole  in  tha  top  of  use  barrel,  anatnsn 
with  ndebcete  rah*.  This  alsows  the  sir  to  aaaapt,  and 
shut*  again  as  soon  as  the  piston  begins  to  dssarnd,  lea*. 
tog  akbost  a  perfect  void  behind  it  as  before, 

Tbi*  pump  hto  another  adrantoga  It  may  be  changed 
to  a  menieHt  fine*  a  rarefy  nig  to  a  oandeonmg  enghkf,  by 
eknply  torning  toe  cocks&tQ  and  T.  While  T  oonunu. 
tocates  with,  the  open  air  and  Q  with  tha  naerrar,  it  is  a 
rarefying  engine  or  air-noaap :  but  when  T  mrnnnanirilws 
with  the  receiver,  and  Q  with  the  open  air,  it  is  a  condeut* 
ng  roams. 

Fin.  2fk  represents  Mr  haaeatntfa  atopn  flip  as  it  is 
tonally  mad«  by  Nejrns.  Upon  a  staid,  bade  or  .table  aaa 
as*  ap  timet  pmtot  Fy  H>  H  i  the  puns-  P  supports  dm 
ptiaip^plate  A;  mi  the  ptlhwsH.H,  support  the  fiontot 
bcndV  ctMttarotog  a  bra*  cog-wheel,  which  is  tmcaai  by  the 
banrfie'W,  and  wests  in  tha  nwk  C  toJtonad  to  the  memnr 
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•arivf  tha?*rt»rod.  Tb*  whole  i*  still  fiptbai  steadied 
by  ty»pwot» of  bras*  c  6-  to*  oAy  wnjch  nrtannrt  the  pump* 
pktotfitfathefiwn*,  ■*»  hn«e  p*rfoi**i«Q«  oonanAumtii^ 
bfltwcna  the  We  «  in  ths  middle  of  the  pinto  And  lb*  but- 
«1*  »  will  be  a«*orib»d  ia.wkaedj.  DEittht band 
of  the  pump,  firmly  fixed  to  the  table  by  screw*  through 
tut  upper  flench:  s/dc  is  a.aWn^  biM  tube  setowad  to 
the  bottom  of  tfebMrd,  arid  to  tho  under  bole  of  tile  kari- 
WataicenaiUii  In  this aaaal  there  is  acock  which  opens 
ft  oattttfAltBtloja  between  the  barrel  «d  tfcniectmr,  whs* 
the  hay  is  u  the  position  ;reprosrauld  here :  but  when  dM 
hey  teat  right  angle*  with  this  pbsitien*  this  comnhrBWe* 
tioniscutaff.  If  that  side  of  the  key  whkhiflhaB*  drawn 
sent  to  the  pumpipbu*  be  tomed  outward,  the  external  air 
taaaVditW  intatbameweji  but  if  toraad  inwards,  the 
air  u  admitted  into  the  barrel.  . 

g  A  i»  another  slender  braavpipe,  leading  fin»  the  «m- 
ahntgidyTal^at^totheboriaoaaaloaiialAt,  u>  the  un- 
der <■*!*  ofwhiah  it  it  wrewed  fink.  In  thari  hwriawutnl  >ea- 
■■>  thefcn is* aocfc  fa  which  op—an paaatan  filna  aWbaafat 
W  the.  m«Mr  wheal  the  luty  is  rathe  paetliin  here  drawn  a 
bttt  open*  »  paaaage-ftatn  th»  barrel  to  dweltem* *  aa  when 
thekey  iatitnwd.oatwasxfe,  and  tron  thereeabtar  to  the  ex- 
ternal air  when  the  key  is  turned  inwards.  This  emnntaauMr 
bpn  >rithi  tats  external  air  m  not  immediate,  but  through  ft 
sort- of  hpxtt  the  Use  of  this  bar  is  to  receive  theoil  which 
WditwbargtdthrxightawWp  Valve  g.  la  osder  to  keep  the 
putfp  tight,  and  in  warfeing  order,  it i»  proper  Hoauetime* 
to  fom  a  table-apDanf ol  of  00*0*1!  into  thn  hole  a  of  th* 
pta»p*pl»te,  sad  tbentowerk  thr  pump,  The  ail  goes 
along  tla»  coBthut  0  a  Aft,  g»ta  into  the  baWtl  nod  through 
the;  ujbtbn-wdjre,  when  the  parton  m  pressed  to  the  bottom 
ef- th«  bitted  >aiMi  it.  .the*  drawn  upt  and  forced  through 
tawiOu^faatgittgTftlva^ialobgtheptpB^A,  the  borubntal, 
passaged  a,  afeinauUymto  ted  box  L  Thin  box  has  a  smati 
hair  id  *e  side  anaBthe,  top,  thnangh  which  the  air  esbaffcs. 
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■  From  &e  upper  ride  of  the  canal  eft  mere  rises  a  slender 
pipe  which  bend*  outward  and  then  tarns  downwards,  and 
ia  joined  to  k  small  bra,  which  cannot  be  seen  in  this  view. 
-From  the  bottom  of  this  box  proceeds  downward*  the 
gage-pipe  of  glass,  which  enters  the  cistern  of  mereniy  G 
fixed  below. 

•  On  the  upper  side  of -the  other  canal  at  o  u  seen  a  small 
stud,  having  a  short  pipe  of  glass  projecting  borixontally, 
from  it,  close  by  and  parallel  to  the  front  piece  of  the 
pump,  and  reaching  to  the  other  canal.  This  pipe  it 
close  at  the  farther  end,  and  has  a  small  drop  of  mercury 
er  oil  in  at  the  end  a.  This  terns  as  a  gage  in  condens- 
ing, indicating  the  degree  of  condensation  by  the  place  of 
the  drop:  for  this  drop  is  forced  along  the  pipe,  condens- 
ing the  air  before  it  in  the  same  degree  that  it  is  condensed 
i   in  the  barrel  and  receiver.  » 

In  constraebng  this  pump,  Mr.  Smeaton  introduced  a 
method  of  joining  together  the  different  pipes  and  other 
pieces,  which  has  great  advantages  over  the  usual  manner 
of  screwing  them  together  with  leather  between,  and  which 
is  now  much  used  in  hydraulic  and  pneumatic  engines.  We 
shall  explain  this  to  our  readers  by  a  dsjauiiptiusi  of  the 
manner  in  which  the  exhausting  gage  is  joined  to  the  ho- 
rizontal duct  cb. 

The  piece  A  ip,  in  Fig.  24.  is  the  suae  with  the  little 
cylinder  observable  on  the  upper  side  of  the  borison- 
tsl  canal  c  d,  in  Fig.  86.  The  upper  port  A  i  is  formed 
into  an  outside  screw,  to  fit  the  hojasw  screw  of  the  piece 
deed.  The  top  of  this  last  piece  has  a  hole  in  its  middle, 
giving  an  easy  passage  to  the  bent  tube  cba,  so  as  to  slip 
along  it  with  freedom.  To  the  end  c  of  this  bent  tube 
is  soldered  a  piece  of  brass  cfg,  perforated  in  contmnation 
of  the  tube,  and  having  its  end  ground  fiat  on  thetapof 
thepieceAip,  and  also  covered  with  a  slip  of  thm  leather 
strained  across  it  and  pierced  with  a  hols  in  the  middle. 
It  is  plain  from  this  form,  that  if  the  surface/^  be  «p- 
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plied  to  the  top  of  A i,  and  the  oarer  deed  be  screwed 
down  «a  H,  it  win  draw  or  press  them  together,  ao  that  no 
ait  can  escape  by  tht  joint,  and  this  without  turning  the 
whole  tube  e  ba  round,  as  is  necessary  in  the  usual  way. 
Thi§  method  is  now  adopted  for  joining  together  the  con- 
ducting pipes  of  die  machines  for  extinguishing  firm,  an 
operation  which  was  extremely  troublesome   before  this 


The  coodujt  pipe  E  efc  (Fig.  36.)  is  fastened  to  the 
bottom  of  the  barrel,  end  the  dimharging  pipe gh  to  its 
top,  in  the  same  manner.  But  to  return  to- the  gage :  the 
bent  pipe  eba enters  the  box  t 1  near  one  side,  and  ob- 
liquely, and  the  gage  pipe  q  r  is  inserted  through  its  bot- 
tom towards  the  opposite  aide.'  The  use  of  this  box.  is  to 
catch  any  deeps  of  roerauty  which  may  sometimes  be  dash- 
ed up  through  the  gage-pipe  by  an  accidental  oscillation. 
This,  by  going  through  the  passages  of  the  pump,  would 
corrode  them,  and  would  'act  particularly  on  the  joints, 
which  are  generally  soldered  with  tin.  When  this  happens 
to  an  air-pump,  it  onust  be  cleaned  with  the  most  scrupu- 
lous attention,  otherwise  it  will  be  quickly  destroyed.    . 

This  aooount  of  Smeaton'apump  is  sufficient  for  enabling 
the  reader  to  understand  its.  operation  and  to  see  its  supe- 
riority. It  is  reckoned  a  very  hue  pump  of  the  ordinary 
oqastructioo,  which,  will  rarefy  200  times,  or  raise  the  gage 
to  28.86,  the  barometer  standing  at  30.  But  Mr  Sneaton 
sound,  that  his  pump,  even  after  long  using,  raised  it  to 
89.96,  which  we  consider  as  equivalent  to  rarefying  600 
times.  When  hi  fine  order,  he  found  no  bounds  to.its  ra- 
reftotina,  frequently  raising  the  gage  as  high  as  the  baro- 
meter; and  he  thought  its  performance  so  perfect,  that 
die  nesrotaeter-gage  was  not  sufficiently  delicate  for  mea- 
suring the  rarefaction.  He  therefore  substituted  the  sy- 
phon-gage already  described,  which  he  gives  some  reasons 
for  preferring ;  but  even  this  he  found  not  sufficiently  sen- 
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He  contrived  ma&aar,  whieh<oaKI  be  earth*  to  any 
degree  of  sensJbffity.  It  counted  of  agfa*  (tody  A  <Rg< 
ST.),  of  a  pen  shape,  and  was  therefore  catted  the  pea* 
gage.  This  had  a  small  projecting  orifice  at  B, '  and  at 
the  other  end  a  tube  CD,  whose  eapaelty  was  the  hundredth' 
part  of  die  capacity  of  the  whole  vessel.  Thirl  wis  sus- 
pended at  the  snp-wire  of  the  receiver,  aad  there  *m  set 
below  it  a  small  cup  with  mercury.  When  the  pump  vaa- 
worked,  die  air  in  the  peas-gage  was  rarefied  along  with 
the  rest  Wbea  the  rarefaction  was- brought  to  the  de- 
gree ■  intended,  the  gage  was  let  down  till  B-reached  tf*e 
bottom  of  the  mercury.  The-  external  sir  befog  now  let 
in,  the  mercury  was  raised  'into  the  pes*,  aMf  stood  at  mum 
height  B  in  the  tube  CD.  The  length  of  this  tabe  being 
divided  into  100  parts,  and  those  nember^nwm  D,  it  fa 

DB 

evident  that  -=^    "^  express  the  degree  of  rarefactioB 

which  had  been  produced  when  the  gage  watt  amutt'std 
into  the  mercury ;  or  if  DC  be  TJ5  of  the  whole  -capaeity, 
and  be  divided  into  100  parts  by  a  scale  annexed  to  k,  each 
unit  of  the  scale  will  be  mSmj  of  the  whole. 

This  was  a  very  ingenioos  contrivance,  and  hair  been  the 
means  of  making  some  very  curious  and  important  dfaee- 
Tcties  which  at  present  engage  the  attention  of  ^rnlosophett. 
By  this  gage  Mr  Smeaton  found,  that  his  pump  frequently 
rarefied  a  thousand,  ten  thousand,  nay  anbundred  thou- 
sand times.  But  though  hem  every  instance  saw  the  great 
superiority  of  his  pump  above  all  ethers,  be  frequently 
found  irregularities  which  he  could  not  exphuo,  and  a  want 
of  correspondence  between  the  pear  aad  the  barometer 
gages  which  puzzled  him.  The  pear-gage  rreqnently  indi- 
cated a  prodigious  rarefaction,  when  the  barometer-gag* 
would  not  shew  more  than  600. 

These  unacconntable  phenomena  excited  the  emtosity 
of  philosophers,  -who  by  this  time  were  making  < 
use  of  the  air-pump  in  their  meteorological  n 
6 
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■aril  intnoiMd  in  wary  tneng  «nMeWad  with  the  state  or 
contntutuni  of  elastic  fluids.  Mr  Nnne,  a  moat  ingenious 
and  aeewratn  maker  of  philosophical  instrumente,  ande 
many  curious  experiments  in  the  ptsaminatinn.  and  oxnpanw 
son  of  Mr  Smeeton's  pump  -with  those  of  ilia  usual  on. 
atruetion,  attending  to  every  circumstance  which  could  oen* 
tribute  to  the  inferiority  of  too  common  pumps  or  to  tbehr 


ebine.  This  rigorous  conpariaon  brought  into  view  ae. 
veral  eirmnistances  in  the  constitution  of  the  atmospherie 
air,  and  its  relation  to  other  bodies,  which  are  of  the  snct 
extensive  and  important  itsfluenee  in  the  operations  of  ns> 
ture.  We  shall  notice  at  present  such  only  as  have,  a  ceaw 
(ion  to  the  operation  of  the  sin-pump  in  eiUfacdng  jua 
from  the  nearer. 

Mr  N*k™>  found,  that  when  a  little  wafer,  or  even  a  hit 
of  paper  damped  -will)  water,  was  exposed  under  the  eeV 
oeinrr  of  Mr  Smeatoars  air-pump,  when  in  the  moat  pufiati 
cooditaou,  raising  the  mercury  in  the  bsBDmeter<gag*  soj 
3*\Bos  fee  ooadd  stot  make  it  rise  above  fl&8  if  Es^renhetfa 
thermometer  iadioated  the  temperature  VI9,  nor  above 
9j> .9  If  the  ihsTbnmter  stood  at  6fi° ;  and  that  to  bring- 
the  gage  to  this  height  and  keep  it  there,  the  operation  -or' 
the  pump  muet  he  oosthutod  for  a  long-  bnae*  after  &e  *•>■' 
tor  had  disappeared,  or  the  papa  beoome  perfecdy  dry. 

He  found  that  a  daop  of  spirits,  or  paper  moistened  moth 
spirits,  eould  not  m  that*  circumstances  naW  the  tnasovf 
in  the  gage  to  rise  to  near  that  height ;  and  that  abnihur 
enacts  followed  from  admitting  any  vnlatife  body  whatever 
into  the  reottrer  or  any  part  of  the  apparatus. 

This  showed  him  at  once  how  improper  the  directions' 
were  which  bed  been  given  by  Gueriche,  Boyle,  Grave.' 
sande,  and  others,  for  fitting  up  die  air-pomp  for  experi- 
ment, by  soaking  the  leather  in  water,  covering  the  joint* 
with  water,  or,  in  abort,  admitting  water  or  any  ether  wot a- 
tae  body  near  it 
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He  therefore  took  his  pumps  to  'piece*,  cleared  them  of 
all  the  moisture  which  be  could  drive  from  thorn  by  heat, 
and  then  leathered  them  anew  with  leather  soaked  in  a 
mixture  of  dive-oil  and  tallow,  from  which,  he  had  expel- 
led all  the  water  it  usually  contains,  by  boiling  it  till  the 
first  frothing  was  over.  When  the  pumps  were  .fitted  up 
in  thie  manner,  he  uniformly  found  that  Mr  Sen  Baton's 
pump  rarefied  the  gage  to  29.96,  and  the  heat  common 
pump  to  80.87,  the  first  of  winch  he  computed  to  indicate 
a  rarefaction  to  600,  and  the  other  to  280.  But  in  this 
state  he  again  found  that  a  piece  of  damp  paper,  leather, 
wood,  Sic.  in  the  receiver,  reduced  the  .performance  in  the 
same  manner  as  before. 

But  the  most  remarkable  phenomenon  was,  that  when  be 
made  use  of  the  pear-gage  with  the  pump  cleared  from  all 
moisture,  it  indicated  the  same  degree  of  rarefaction  with 
the  barometer-gage :  but  when  he  exposed  a  bit  of  paper 
moistened  with  spirits,'  and  thus  reduced  the  rarefaction  of 
the  pump  to  what  he  called  50,  the  barometer-gage  stand- 
ing at  29.4,  the  pear-gage  indicated  a  rarefaction  exceeding 
100,000 ;  in  short,  it  was  not  measurable ;  and  this  pheno- 
menon-was almost  constant  Whenever  he  exposed  any 
substance  susceptible  of  evaporation,  he  found  the  rarefac- 
tion indicated  by  the  barometer-gage  greatly  reduced,  while 
that  indicated  by  the  pear-gage  was  prodigiously  increased ;. 
and  both  these  effects  were  more  remarkable  as  the  subject 
was  of  easier  evaporation,  or  the  temperament  of  the  air  of 
the  chamber  was  warmer. 

This  uniform  result  suggested  the  true  cause.  Water 
boils  at  the  temperature  212,  that  is,  it  is  then  converted 
into  a  vapour  which  is  permanently  elastic  while  of  that 
temperature,  and  Us  elasticity  balances  the  pressure  of  the 
atmosphere.  If  this  pressure  be  diminished  by  rarefying 
the  air  above  it,  a  lower  temperature  will  now  allow  it  to 
be  converted  into  elastic  vapour,  and  keep  it  in  that  state. 
Water  will  boil  in  the  receiver  of  an  air-pump  at  the  tem- 
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pm*wntr96,  arcfmi  adder  it.  HiBosophers  did  not  think 
of  eiaowning  the  state  of  the  vapour  in  temperatures  lower 
than  what  produced  ebuttnoa.  Bat  it  wr  appears,  that 
in  much  lower  heats  than  this  the  superficial  w«ter  is  con- 
TCTted  into  elastic  vapour,  which  continues  to  exhale  from 
it  as  bag  at  the  water  lasts,  and,  supplying  the  place  of 
air  in  the  receiver,  exerts-  the  sane  elasticity,  and  hinders 
the  mercury  from  rising  m  the  gage  in  the  same  maimer  as 
so  much  air  of  equal  elasticity  would  hare  done. 

When  Mr  Natrne  was  exhibiting  these  experiments  to 
the  Honourable  Henry  Cavendish  1b  1T7&\  this  gentleman, 
informed  btn  that  it  appeared  from  t  series  of  experi- 
ments of  his  father,  Lord  Charles  Cavendish,  that  when  wa- 
ter is-  of  the  temperature  79°,  it  is  converted  Into  rapour, 
under  any  pressure  less  than  three-fourths  of  an  inch  of 
mercury,  and  at  41°  it  becomes  vapour  when  the  pressure 
is  less  than  one-fourth  of  an  kicfr:  even  mercury  evapo- 
rates in  this  manner  when  all  pressure  is  removed.  A  dewy 
appearance  is  frequently  observed  covering  the  inside  of 
the  tube  of  a  barometer,  where  we  usually  suppose  a  va- 
cuum. This  dew,  when  viewed  through  a  microscope,  ap- 
pears to  be  a  set  of  detached  globules  of  mercury,  and  up- 
on inclining  the  tube  so  that  the  mercury  may  ascend  along 
it,  these  globules  will  be  all  licked  up,  and  the  tube  become 
dear.  The  dew  which  lined  it  was  the  vapour  of  the  mer- 
cury condensed  by  the  side  of  the  tube ;  and  it  is  never 
observed  but  when  one  side  is  exposed  to  a  stream  of  cold 
sir  from  a  window,  fcc 

To  return  to  the  vapour  in  the  air-pomp  receiver,  it 
tnnst  be  observed,  that  as  long  as  the  water  continues  to 
yield  it,  we  may  continue  to  work  the-  pump ;  and  it  will 
be  continually  abstracted  by  the  barrels,  and  discharged  in 
the  form  of  water,  because  it  collapses  as  soon  as  exposed 
to  die  external  pressure.  All  this  while  the  gage  will  not  in- 
dicate any  more  rarefaction,  because  the  thing  immediately 
indicated  by  the  barometer-gage  hi  diminished  eUutkiti/, 
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which  does  not  happen  here.  When  ell  the  water  which 
the  temperature  of  the  room  can  keep  elastic  has  evaporat- 
ed under  a  certain  pressure,  suppose  £  an  inch  of  mercury, 
the  gage  standing  at  29-5,  the  vapour  which  now  fills  the 
receiver  expands,  and  by  its  diminished  elasticity  the  gage 
rises,  and  now  some  more  water,  which  had  been  attached 
to  bodies  by  chemical  or  corpuscular  attraction,  is  detached, 
and  a  new  supply  continues  to  support  the  gage  at  a  great- 
er height ;  and  this  goes  on  continually  till  almost  all  has 
been  abstracted .-  but  there  will  remain  some  which  no  art 
can  take  away ;  for  as  it  passes  through  the  barrels,  and 
gets  between  the  piston  and  the  top,  it  successively  collap- 
ses into  water  .during  the  ascent  of  the  piston,  and  again 
expands  into  vapour  when  we  push  the  piston  down  again. 
Whenever  this  happens  there  is  an  end  of  the  rarefaction. 
While  this  operation  is  going  on,  the  air  comes  out  along 
with  the  vapour ;  but. we  cannot  say  in  what  proportion. 
If  it  were  always  uniformly  mixed  with  the  vapour,  it 
would  diminish  rapidly ;  but  this  does  not  appear  to  be  the 
case.  There  is  a  certain  period  of  rarefaction  in  which  a 
transient  cloudiness  is  perceived  in  the  receiver.  This  is 
watery  vapour  formed  at  that  degree  of  rarefaction,  ming- 
led with,  but  not  dissolved  in  or  united  with,  the  air,  other* 
wise  it  would  be  transparent  A  similar  cloud  will  appear 
if  damp  air  be  admitted  suddenly  into  an  exhausted  receiv- 
er. The  vapour,  which  formed  an  uniform  transparent 
mass  with  the  air,  is  either  suddenly  expanded,  and  thus 
detached  from  the  other  ingredient,  or  is  suddenly  let  go 
by  the  air,  which  expands  more  than  it  does.  We  cannot 
affirm  with  probability  which  of  these  is  the  case:. different 
compositions  of  air,  that  is,  air  loaded  with  vapours  from 
different  substances,  exhibit  remarkable  differences  in  this 
respect.  But  we  see  from  this  and  other  phenomena,  which 
shall  be  mentioned  in  their  proper  places,  that  the  air  and 
vapour  are  not  always  intimately  united ;  and  therefore 
will  not  always  be  drawn  out  together  by  the  air  pump. 
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But  let  them  be  ever  so  confusedly  blended,  we  see  that . 
the  air  must  come  out  along  with  the  vapour,  and  its  quan- . 
tity  remaining  in  the  receiver  must  be  prodigiously  dimi- 
nished by  this  association,  probably  much  more  than  could 
be,  had  the  receiver  only  contained  pure  air. 

Let  us  now  consider  what  must  happen  in  the  pear-gage. 
As  the  air  and  vapour  are  continually  drawn  off  from  the 
receiver,  the  air  in  the  pear  expands  and  goes  off  with  it. 
We  shall  suppose  that  the  generated  vapour  hinders  the 
gage  from  rising  beyond  29.5.  During  the  continued 
working  of  the  pump,  the  air  in  ,the  pear,  whose  elasticity 
is  0.5,  slowly  mixes  with  the  vapour  at  the  mouth  of  the 
pear,  and  the  mixture  even  advances  into  its  inside,  so  that 
if  the  pumping  be  long  enough  continued,  what  is  in  the 
pear  is  nearly  of  the  same  composition  with  what  is  in  the 
receiver,  consisting  perhaps  of  80  parts  of  vapour,  and  one 
part  of  air,  all  of  the  elasticity  of  0.5.  When  the  pear  is 
plunged  into  the  mercury,  and  the  external  air  allowed  to 
get  into  the  receiver,  the  mercury  rises  in  the  pear-gage, 
and  leaves  not  ^,  but  -^xgj-  or  -j^  of  it  filled  with 
common  air,  the  vapour  having  collapsed  into  an  invisible 
atom  of  water.  Thus  the  pear-gage  will  indicate  a  rare- 
faction of  1200,  while  the  barometer-gage  only  showed  60, 
that  is,  showed  the  elasticity  of  the  included  substance  di- 
minished 60  times.  The  conclusion  to  be  drawn  from  these 
two  measures  (the  one  of  the  rarefaction  of  air,  and  the 
other  of  the  diminution  of  elasticity)  is,  that  the  matter  with  ■ 
which  the  receiver  was  filled,  immediately  before  the  re-ad- 
mission of  the  air,  consisted  of  one  part  of  the  incondensi- 
hie  air,  and  — — - ,  or  SO  parts  of  watery  vapour.  ■ 

The  only  obscure  part  of  this  account  is  what  relates  to 
the  composition  of  the  matter  which  filled  the  pear-gage 
before  the  admission  of  the  mercury.  It  is  not  easy  to  see 
how  the  vapour  of  the  receiver  comes  in  by  a  narrow 
mouth  while  the  air  is  coming  out  by  the  same  passage. 
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Accordingly  it  requires  a  very  long  time  to  pr«d«c«  ikm 
extreme  rarefaction  is  the  pear-gage ;  and  there  are  greet 
irregularities  in  any  two'succeeding  experiment*,  as  may  b* 
Hen  bykokugetHrNairne'eaceountaf  then  in  the  Phi- 
losophical Transactions,  voL  laXVII.  Some  v*poa«  ap- 
pear to'  have  mixed  raw*  more  readily  with  the  air  than 
others;  and  there  are  some  unaccountable  cases  where  v* 
trioHc  acid  and  sulphureous  bodies  ware  included,  in  which; 
the  dHnmiftion  of  density  indicated  by  the  pear-gage  way 
uniformly  less  than  the  diminution  of  elasticity  indicated 
by  the  barometer-gage.  It  is  enough  for  us  at  present  to 
have  established,  by  unquestionable  facta,  this  production 
of  elastic  vapour,  and  die  necessity  of  attending  to  it,  both 
in  fte  construction  of  the  air-pump  and  in  drawiag  result* 
from  experiments  exhibited  in  it 

Mr  Smearttvs-  pomp,  when  in  good  order,  and-  perfectly 
free1  frcktf  all  moisture,  will  in  dry  weather  rarefy  air  about 
nW  times,  raising  the  barometer-gage  to  within  B'ff  of  an 
itfett  of  a  fine  barometer.  This  was  a  performance  so  much 
superior  to  that  of  all  others,  and  by  means  of  Mr  Nairne*a 
experiments  opened  bo  new  a  field  of  observation ,  that  the 
air-pump  once  more  became  a  capital  instrument  among 
the  experimental  philosophers.  The  causes  of  its  superi- 
ority were  also  so  distinct,  that  artists  were  immediately 
excited  to  a  farther  improvement  of  the  machine ;  so  that 
this  becomes  a  new  epoch  in  its  history .- 

There  is  one  imperfection  which  Mr  Smeaton  has  not  at- 
tempted to  remove.  The  discharging  valve  is  still  opened 
against  the  pressure  of  the  atmosphere.  An  author  of  the 
Swedish  academy  adds  a  subsidiary  pump  (o  this  valve, 
which  exhausta  the  air  front  above  it,  and  thus  pots  it  in 
the  situation,  ef  tha  piston-valve.  We  do  not  find  that 
this  improvement  has  been  adopted  so  as  to  become  gene- 
ral Indeed)  the  quantity  of  air  which  remains  in  the 
passage  to  this  valve  is  so  exceedingly  Utile*  that  it  does 
not  seem  to  merit  attention.  Supposing  the  valve-hole  ,-, 
6 
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of  an  inch  wide,  and  as  deep  (and  it  need  not  be  more),  it 
will  not  occupy  more  than  jg1^  part  of  a  barrel  twelve 
inches  long  and  two  inches  wide. 

Mr  Smeaton,  by  his  ingenious  construction,  has  greatly 
diminished,  hut  has  not  annihilated,  the  obstructions  to  the 
passage  of  the  air  from  the  receiver  into  the  barrel.  His 
success  encouraged  farther  attempts.  One  of  the  first  and 
most  ingenious  was  that  of  Professor  RusseJ  of  the  Univer- 
sity of  Edinburgh,  who,  about  the  year  1770,  constructed  e, 
pump  in  which  both  cocks  and  valves  were  avoided. 

The  piston  is  solid,  as  represented  in  Fig.-  28.  and  its 
rod  passes  through  a  coliar  of  leather  on  the  top  of  the  bar- 
rel Tins  collar  is  divided  into  three  portions  by  two  brass 
rings  a,  6,  which  leave  a  very  small  space  round  the  piston- 
rod.  The  upper  ring  a  communicates  by  means  of  a  la- 
teral perforation  with  the  bent  tube  l,m,n,  which  entecs 
the  barrel  at  its  middle  n.  The  lower  ring  A  oeraiminkates 
with  die  bent  tube  c,  d,  which  communicates  with  the  ho- 
rizontal passage  d,  e,  going  to  ■  the  middle  e  of  the  pump 
plate.  By  the  way,  however,  it  connnunicates  also  with  a 
barometer-gage  p  o,  standing  in  a  cistern  of  mercury  0,  and 
covered  with  a  glass  tube  close  at  the  top.  Beyond  e,  on 
the  opposite  circumference  of  the  receiver-plate,  there  is  a 
cock  or  plug,/ communicating  with  the  atmosphere. 

The  piston-rod  is  closely  embraced  by  the  three  collars 
of  leather ;  but,  as  already  said,  has  a  free  space  round  it 
in  the  two  brass  rings.  To  produce  this  pressure  of  the 
leathers  to  the  rod,  the  brass  rings  wnjch  separate  them 
are  turned  thinner  on  the  inner  side,  so  that  their  cross 
section  along  a  diameter  would  be  a  taper  wedge.  In  the 
side  of  the  piston-rod  are  two  cavities  q  r,  t  *,  about  one- 
tenth  of  an  inch  wide  and  deep,  and  of  a  length  equal  to 
the  thickness  of  the  two  rings  a,  b,  and  the  intermediate 
collar  of  leathers.  These  cavities  are  so  placed  on  the 
piston-rod,  that  when  the  piston  is  applied  to  the  bottom 
or  the  barrel,  the  cavity  t  a  in  the  upper  end  of  uM  Md 
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has  its  upper  end  opposite  to  the  ring  o,  and  its  lower  end 
opposite  to  the  ring  b,  or  to  the  mouth  of  the  pipe  c  d. 
Therefore,  if  there  be  a  void  is  the  barrel,  the  air  from 
the  receiver  will  come  from  the  pipe  c  d  into  the  cavity  in 
the  piston-rod,  and  by  it  will  get  past  the  collar  of  leather 
between  the  rings,  and  thus  will  get  into  the  small  inter- 
stice between  the  rod  and  the  upper  ring,  and  then  into 
the  pipe  Imn,  and  into  the  empty  barrel.  When  the  pis- 
ton is  drawn  up,  the  solid  rod  immediately  shuts  up  this 
passage,  and  the  piston  drives  the  air  through  the  discharg- 
ing valve  k.  When  it  has  reached  the  top  of  the  barrel, 
and  is  closely  applied  to  it,  the  cavity  q  r  is  in  the  situation 
in  which  t  g  formerly  was,  and  the  communication  is  again 
opened  between  the  receiver  and  the  empty  barrel,  and  the 
air  is  again  diffused  between  them.  Pushing  down  the 
piston  expels  the  air  by  the  lower  discharging-pipe  and 
valve  hi;  and  thus  the  operation  may  be  continued. 

This  must  be  acknowledged  to  be  a  most  simple  and  in- 
genious construction,  and  can  neither  be  called  a  cock  nor 
a  valve.  It  seems  to  oppose  no  obstruction  whatever ;  and 
it  has  the  superior  advantage  of  rarefying  both  during  the 
ascent  and  the  descent  of  the  piston,  doubling  the  expedi- 
tion of  the  performance,  and  the  operator  is  not  opposed  by 
the  pressure  of  the  atmosphere,  except  towards  the  end  of 
each  stroke.  The  expedition,  however,  is  not  so  great  as 
one  should  expect ;  for  nothing  is  going  on  while  the  piston 
is  in  motion,  and  the  operator  must  stop  a  while  at  the  end 
of  each  stroke,  that  the  air  may  have  time  to  come  through 
this  long,  narrow,  and  crooked  passage,  to  fill  the  barrel. 
But  the  chief  difficulty  which  occurred  in  the  execution 
arose  from  the  clammy  oil  with  which  it  was  necessary  to 
impregnate  the  collar  of  leathers.  These  were  always  in  a 
state  of  strong  compression,  that  they  might  closely  grasp 
the  piston-rod,  and  prevent  all  passage  of  air  during  the 
motion  of  the  piston.  Whenever  therefore  the  cavities  in 
the  piston-rod  come  into  the  situations  necessary  for  con- 
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■wctmg  the  receiver  and  barrel,  this  ail  is  squeesed  into 
them,  and  choaks  them  up.  Hence  it  always  happened 
that  it  was  some  time  after  the  stroke  before  the  air  could 
force  its  way  round  the  piston-rod,  carrying  with  it  the 
clammy  oil  which  cheeked  up  the  tube  i  m  n ,-  and  when 
the  rarefraction  had  proceeded  a  certain  length,  the  dimi- 
nished elasticity  of  the  air  was  not  able  to  make  its  way 
through  these  obstructions.  The  death  of  the  ingenious 
author  put  a  atop  to  the  improvements  by  which  he  hoped 
to  remedy  this  defect,  and  we  hare  not  heard  that  any 
other  person  has  since  attempted  it-  We  have  inserted  it 
here,  because  its  principle  of  construction  is  not  only  very 
ingenious,  but  entirely  different,  from  all  others,  and  may 
furnish  very  useful  hints  to  those  who  are  much  engaged 
in  the  construction  of  pneumatic  engines. 

In  the  73d  volume  of  the  Philosophical  Transaction.**, 
Mr  Tiberius  Cavallo  has  given  the  description  of  an  air- 
pump  contrived  and  executed  by  Messrs  Haas  and  Hur- 
ler, instrument-makers  in  London,  where  these  artists 
have  revived  Guericke's  method  of  opening  the  barrel- 
valve  during  the  last  strokes  of  the  pump  by  a  force  acting 
from  without  We  shall  insert  so  much  of  this  description 
as  relates  to  this  distinguishing  circumstance  of  its  con- 
struction. 

Fig.  86.  represents  a  section  of  the  bottom  of  the  barrel, 
where  AA  is  the  barrel  and  BB  the  bottom,  which  has  in 
its  middle  a  hollow  cylinder  CCFF,  projecting  about  half 
an  inch  into  the  barrel  at  CC,  and  extending  a  good  way 
downwards  to  FF.  The  space  between  this  projection  and 
the  sides  of  the  barrel  is  filled  up  by  a  brass  ring  DD,  over 
the  top  of  which  is  strained  a  piece  of  oiled  silk  EE,  which 
performs  the  office  of  a  valve,  covering  the  hole  CC.  But 
this  hole  is  filled  up  by  a  piece  of  brass,  or  rather  an  assent- 
blagejof  pieces  screwedtogether  GGHHII.  It  consists  of 
three  projecting  fillets  or  shoulders  GG,  HH,  II,  which 
form  two  hollows  between  them,  and  which  are  filled  with 
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nags  of  tatad  leather  ©0,  PF,  firmly  screwed  together. 
The  extreme  fillets  GG,  II,  ut  of  equal  diameter  with  the 
Inside  of  the  cylinder,  so< es  to  fill  it  exactly,  end  the  whole 
stuffed  with  oiled  leather!  slide  up  and  down  without  allow- 
ing aay  -air  to  pass.  The  middle  fillet  HH  is  not  so 
broad,  but  thicker.  In  the  upper  fillet  GG  then  is  formed 
a  shallow  dish  about  |  of  an  inch  deep  and  §  wide.  This 
dish  1b  covered  with  a  thin  plate,  pierced  with  e  grating 
like  Mr  Sweaton's  valve-plate.  There  is  a  perforation 
VX  along  the  axis  of  this  piece,  which  has  a  .passage  out 
at  one  aide  H,  through  the  middle  fillet.  Opposite  to  this 
passage,  and  in  the  aide  of  die  cylinder  GCFF, .  is  a  hole 
M,  communicating  with  the  conduit  pipe  MN,  which  leads 
to  the  receiver.  Into  the  lower  end  of  the  perforation  is 
screwed  the  pin  EL,  whose  tail  L  passes  through  the  cap 
FF.  The  tail  L  k  connected  with  a  lever  RQ,  moveable 
round  the  joint  Q.  This  lever  is  pushed  upwards  by  a 
spring,  and  thus  the  whole  piece  which  we  hare  been  de- 
scribing is  kept  is  contact,  with  the  slipof  oiled  silk  or  valve 
EE.     This  is  the  usual  situation  of  things. 

Now  suppose  a  void  formed  in  the  barrel  by  drawing 
up  the  piston,  the  -elasticity  of  the  air  in  the  receiver,  hi 
the  pipe  NM,  and  in  the  passage  XV,  will  press  on  the 
great  surface  of  the  valve  exposed  through  the  grating, 
will  raise  it,  and  the  pump  will  perform  precisely  as  Mr 
Smeatona  does.  But  suppose  the  rarefaction  to  have  been 
so  long  continued,  that  the  air  is  no  longer  able  to  raise-  the 
valve;  this  will  be  seen  by  the  mercury  rising  no  more  in 
the  pump-gage.  When  this  is  perceived,  the  operator 
must  press  with  his  foot  on  the  end  B.  of  the  lever  RQ. 
This  draws  down  the  pin  EX,  end  with  it  the  whole  hollow 
plug  with  its  grated  top.  And  thus,  instead  of  raising  toe 
valve  from  its  plate,  the  plate  is  here  drawn  down  from  the 
valve.  The  air  now  gets  in  without  arty  obstruction  what- 
ever, and  the  rarefaction  proceeds  as  long  as  the  piston  rises. 
Whan  it  it-at  th  e  top  of  die  barrel,  the  operator  take*  tub  mot 
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revm  the  lever,  wd  the  spring  presses  up  Ae  plug  again 
and  abuts  the  valve.  Tbe  piston-rod  passes  through  a 
collar  of  lent  her,  as  in  Mr  S  men  ton's  pump,  and  the  air 
is  finally  discharged  through  an  outward  valve  in  the 
top  of  the  barrel.     These  parts  have  nothing  peculiar  in 

This  is  an  ingenious  contrivance,  similar  to  what  was 
adopted  by  Guericke  himself;  and  we  'have  no  doubt  of 
these  pumps  performing  extremely  well  if  carefully  made : 
and  it  seems  not  difficult  to  keep  the  plug  perfectly  air- 
tight by  supplying  plenty  of  oil  to  the  leathers.  We  can- 
not say,  however,  with  precision  what  may  be  expected 
from  it,  as  no  account  has  been  given  of  its  effects  besides 
what  Mr  Cavallo  published  in  tbe  Philosophical  Transac- 
tions 1.783,  wbere.be  only  says,  that  when  it  bad  been  long 
used,  it  bad,  in  tbe  course  of  some  experiments,  rarefied 
600  times. 

Aiming  still  at  the  removing  the  obstructions  to  tbe  en- 
try of  tbe  air  from  tbe  receiver  into  the  barrels,  Mr  Prince, 
an  American,  has  constructed  a  pump  in  which  there  is  no 
valve  or  cook  whatever  between  them.  In  this  pomp  the 
phton-rod  passes  through  a  collar  of  leathers,  and  the  air 
hi  finally  discharged  through  a  valve,  as  in  the  two  last. 
But  we  are  chiefly  to  attend,  in  this  place,  to  the  commo> 
nidation  between  the  barrel  and  the  receiver.  The  barrel 
widens  below  into  a  sort  of  cistern  ABCE)  (Fig.  30.},  com- 
municating with  the  receiver  by  tbe  pipe  EF.  A*  soon, 
therefore,  as  the  piston  gets  into  this  wider  part,  where 
there  is  a  vacancy  all  reund  it,  the  air  of  the  receiver  ex- 
pands freely  through  the  passage  FES  into  the  barrel,-  in 
which  the  descent  of -the  piston  had  made  a  void.  When 
the  piston  is  again  drown  up,  as  soon  as  it  gets  into- the  ey- 
hndric  part  of  the  barrel,  which  it  exactly  fills,'  it  carries  up 
the  eh-  before  it,  and  expels  it  by  the  top  valve ;  and,  that 
this  may  be  done  more  completely,  this  valve  opens  into  a 
,  second  barrel,  or  nuvpnmp,  whose-  piston  '»  rising  at  the 
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same  time,  and  therefore  the  valve  of  communication 
(which  is  the  discharging  valve  of  the  primary  pump) 
opens  with  the  name  -facility  as  Mr  Smeaton'e  piston-valve. 
While  the  piston  is  rising,  the  air  in  the  receiver  expands 
into  the  barrel ;  and  when  the  piston  descends,  the  air  in 
the  barrel  again  collapses  till  the  piston  gets  again  into  the 
cistern,  when  the  air  passes  out,  and  fills  the  evacuated 
barrel,  to  be  expelled  by  the  piston  as  before. 

No  distinct  account  has  as  yet  been  given  of  the  perform- 
ance of  this  pump.  We  only  learn  that  great  incoverd- 
ences  were  experienced  from  the  oscillations  of  the  mercury 
in  the  gage.  As  soon  as  the  piston  comes  into  the  cistern, 
the  air  from  the  receiver  immediately  rushes  into  the  bar- 
rel, and  the  mercury  shoots  up  in  the  gage,  and  gets  into 
a  state  of  oscillation.  The  subsequent  rise  of  the  piston 
will  frequently  keep  time  with  the  second  oscillation,  and 
increase  it.  The  descent  of  the  piston  produces  a  down- 
ward oscillation,  by  allowing  the  air  below  it  to  collapse ; 
and,  by  improperly  timing  the  strokes,  this  oscillation  be- 
comes so  great  as  to  make  the  mercury  enter  the  pomp. 
To  prevent  this,  and  a  greater  irregularity  of  working  as  s 
condenser,  valves  were  put  in  the  piston  :  but  as  these  re- 
quire force  to  open  them,  the  addition  seemed  rather  to  in- 
crease the  evil,  by  rendering  the  oscillations  more  simul- 
taneous with  the  ordinary  rate  of  working.  If  this  could 
be  got  over,  the  construction  seems  very  promising. 

It  appears,  however,  of  very  difficult  execution.  It  has 
many  long,  slender,  and  crooked  passages,' which  must  be 
drilled  through  broad  plates  of  brass,  some  of  them  ap- 
pearing scarcely  practicable.  It  is  rare  to  find  plates  and 
other  pieces  of  brass  without  air-boles,  which  it  would  be 
very  difficult  to  find  out  and  to  close ;  and  it  must  be  very 
difficult  to  clear  it  of  obstructions :  so  that  it  appears  ra- 
ther a  suggestion  of  theory  than  a  thing  warranted  by  its 
actual  performance. 

Mr  Lavoisier,  or  some  of  the  naturalist*  who  were  oc- 


(DvGoogle 


cupied  in  ooocert  with  him  in  the  investigation  of  the  dif- 
ferent species  of  gas  which  are  disengaged  from  bodies 
in  the  coarse  of  chemical  operations,  has  contrived  an  air- 
pomp  which  has  great  appearance  of  simplicity,  and,  be- 
ing very  different  from  all  others,  deserves  to  be  taken  no- 
tice of 

It  consists  of  two  barrels  I,  «*,  Pig.  81.  with  solid  pig. 
tons  it  k.  The  pump-plate  a  o  is  pierced  at  its  centre  c 
with  a  hole  which  branches  towards  each  of  the  barrels,  as 
represented  by  c  d,  ce.  Between  the  plate  and  the  bar- 
rels slides  another  plate  ft  i,  pierced  in  the  middle  with  a 
branched  hole  J'dg,  and  near  the  ends  with  two  boles  A  h, 
i  i,  which  go  from  its  underside  to  the  ends.  The  holes 
in  these  two  plates  are  so  adjusted,  that  when  the  plate  A  i 
is  drawn  so  far  towards  A  that  the  hole  >  comes  within  the 
■  barrel  m,  the  branch  d/of  the  hole  in  the  middle  plate 
coincides  with  the  branch  c  d  of  the  upper  plate,  and  the 
holes  e,  g  are  shut  Thus  a  communication  is  established 
between  the  barrel  t  and  the  receiver  on  the  pump-plate, 
and  between  the  barrel  m  and  the  external  air.  In  this 
situation  the  barrel  I  will  exhaust,  and  o»  will  discharge. 
When  the  piston  of  I  is  at  its  mouth,  and  that  of  m  touches 
its  bottom,  the  sliding  plate  is  shifted  over  to  the  other 
-side,  so  that  m  communicates  with  the  receiver  through 
the  passage  gd,ec,  and  I  communicates  with  the  air  by  the 
passages  ft  A. 

It  is  evident  that  this  sliding  plate  performs  the  office 
of  four  cocks  hi «  very  beautiful  and  simple  manner,  and 
that  if  the  pistons  apply  close  to  the  ends  of  the  barrels, 
so  as  to  expel  the  whole  air,  the  pump  will  be  perfect.  It 
works,  indeed,  against  the  whole  pressure  of  the  external 
air.  But  this  may  be  avoided  by  putting  valves  on  the 
boles  ft,  i  f  and  these  can  do  no  harm,  because  the  air  re- 
maining in  them  never  gets  back  into  the  barrel  till  the  pis- 
ton be  at  the  farther  end,  and  the  exhaustion  of  that  stroke 
completed.    But  the  bast  workmen  of  London  think  that 
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it  wilt  be  incompnrtHy  more  difficult  to  execute  this  cock 
(for  it  is  a  cock  of  an  unusual  form),  in  such  a  mantKT 
that  it  shall  be  air-tight,  and  jet  mm  with  tolerable  eats, 
and  that  it  is  much  more  liable  to  wearing  loose  than  com* 
mon  cooks.  No 'accurate  accounts  have  been  received  of  its 
performance.  It  must  be  acknowledged  to  be  ingenious, 
and  it  ma  j- suggest  to  an  mtelftgent  artist  a  method  of  com- 
bining common  conical  oocks  upon  one  aiis  «o  os  to  an- 
swer the  same  purposes  much  more  effectually ;  for  .wfajoh 
reason  we  hare  inserted  it  here. 

The  hut  improvement  which  we  shall  mention  is  that 
published  by  Mr  Cuthbertsoo,  philosophical  iustrumenfc. 
maker  in  Amsterdam.  Hit  pump  has  given  such  evi- 
dences of  its  perfection,  that  we  can  hardly  expect  or  wish 
for  any  thing  more  complete.  But  we  must  be  allowed 
to  observe,  beforehand,  that  the  same  construction  was  in- 
vented, and,  in  part,  executed  before  the  end  of  177%  by 
Dr  Daniel  Rutherford,  now  professor  of  botany. in  the  uni- 
versity of  Edinburgh,  who  was  at  that  time  engaged  in  ex- 
periments on  the  production  of  air  during  the  ccwbusoaai 
of  bodies  in  contact  with  nitre,  and  whoiuns  vastly  desir- 
ous of  procuring  a  more  complete  abstraction  of  pure  aerial 
matter  than  could  be  effected  by  Mr  fimeaton's  pump 
The  compiler  of  this  article  had  then  an  opportunity  of 
perusing  the  Doctor's  dissertation  oar  this  subject,  which 
was  read  in  the  Philosophical  Society  of  Edinburgh.  In 
this  dissertation  the  Doctor  appears  fully  apprised  of  ,the 
existence  of  pure  vital  ah-  in  the  nitrous  acid  as  its,  chief  «* 
gradient,  and  as  the  cause  of  its  most  remarkable  nhenc*- 
mena,  and  to  want  but  a  step  to  the  discoveries  which  have 
ennobled  the  name  of  Mr  Lavokier.  He  was  particularly 
anxious  to  obtain  apart  this  distinguishing,  ingredient  in  its 
compusitien,  and,  'for  this  purpose,  to  abstract  completely 
from  the  vessel  in  which  he  subjected  it  to  examination, - 
•very  particle  of  elastic  matter.  The  writer  of  this  article 
proposed  to  him  to  cover  the  bottom  of  Ms  SnTenioQe  pis- 
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ten  with  seen*  csMruny  matter,  wekhshould  tikaWdoE 
the  bottom  valve,  and  tUtrt  it  when  the  pitrtea  was  drawn 
up.  A  few  days  after,  the  Doctor  shoved  bioi  a  drawing 
of  *  pump,  having  s>  corneal  metal  valve  in  the  bottom, 
furnished  with  a  long  aJeod«  sire,  sliding  in  the  insido  of 
le*  pntorwwl  wttk  a  gentle  faction,  tawWicat  for  lifting 
the  valve,  andisseured  sonant  all  chance  of  failure  by  a 
spring  jwtopy  which  tonfa  bold:  *f  a.  notch  in  thft  inside  of 
the  piston-rod  about  a  quarter  of  an  inch  from,  (be  lower 
end,  a»  as  cdrtainry  t»  lift  th»  valve  during  the  kuft quar- 
terof  aa  inch  of  the  piston'*  ntotinn.  Being  an  excellent 
mechanic,  he  had  executed  a  valve  on  this  pnoeipk,  and 
was  fully  satisfied  with  its  perforesenee.  Bi»  having 
already  c*Mnrri»n  his  doctrine.*  respecting  the  ntf  rows  aaid 
ly  inconrsoveatibk'  experjaoentsj  his  wishes  to  improve  the 
air-pump  lost  their  incitement,  and  he  thought  no  more  of 
k ;  and  not  Jang  after  this,  the  ardour  of  the  philosophers 
ef  lie  Teilerian-  Society  at  Haerlem  awl  Awtardws  e*. 
cited  the  rhVts  of  Mr  Cothhertaon,  their  iusu-nmenU 
asahcr,  to,  the  same  purpose,  and  produced  the  met!  per- 
fect air-rnsmp  that  has  yet  appeared.  We  shall  give  a  do- 
•eriptioB  of  it,  and  an.  account  of  its  performance,  in  the 
MJBeattwB  nsn  wards, 

CuthbertsotCs  Air-Pump. 
f  bnc  XI.  Fig.  is  30.  a  perspective  view  of  this  pump, 
with  its  two  principal  gages  seseyed  into  then-  places. 
These  need  not  be  need  together,  except  in  cases  where 
the  utmost  exactness  is  required.  Id  common  experiments 
one  of  them  is  removed,  and  a  stop-anew  put  in  its  piece. 
When  the  pear-gag*  is  used,  a  small  round  plate,  on  which 
the  receiver  may  stand,  must  be  first  screwed  into  the  hole 
at  A ;  but  this  bole  is  stopped  on  other  occasions  with  a 
screw.  When  all  the  three  gages  are  used,  and  the  re- 
ceiver is  exhausted,'  the  stop-screw  B,  at  the  bottom  of  the 
pump,  must  be  unscrewed,  to  admit  the  air  into  the  re- 

DigitizedbyGoOgle 


•06  fWlUMATICS. 

ceiver  t  but  when  they  are  not  all  used,  cither  of  the  other 
stop-screws  will  answer  this  purpose. 

Fig.  33.  represents  a  cross-bar  for  preventing  the  barrels 
from  being  shaken  by  working  the  pump,  or  by  any  acci- 
dent. Its  place  in  Fig.  34.  is  represented  by  the  dotted 
lines.  It  is  confined  in  its  place,  and  kept  close  down  on 
the  barrels  by  two  slips  of  wood  NN,  which  mast  be  drawn 
out,  as  well  as  the  screws  OO,  when  the  pump  is  to  be 


Plate  IX.  contains  a  section  of  all  the  working  parts  of 
the  pomp,  except  the  wheel  and  nek,  in  which  there  b  no- 
thing uncommon. 

Fig.  34.  is  a  section  of  one  of  the  barrels,  with  all  its  in- 
ternal parts;  andFig.Sfi,  36,  37,  and  38,  are  difierent  parts 
of  the  piston,  proportioned  to  the  size  of  the  barrel*  and 
to  one  another. 

In  Fig.  84.  CD  represents  the  barrel,  F  the  collars  of 
leathers,  G  a  hollow  cylindrical  vessel  to  contain  oil,  R  is 
.  also  an  oil-vessel  to  receive  the  oil  which  is  drawn,  along 
with  the  air,  through  the  hole  aa,  wheh  the  piston  is  drawn 
upwards;  and,  when  this  is  full,  the  oil  is  carried  over 
with  the  air,  along  the  tube  T,  into  the  oil-vessel  G.  c  e  is 
a  wire  which  is  driven  upwards  from  the  hole  aa  by  the 
passage  of  the  air ;  and  as  soon  as  this  has  escaped,  it  falls 
down  again  by  its  own  weight,  shuts  up  the  hole,  and  pre- 
vents all  return  of  the  air  into  the  barrel.  At  d  d  are  fix- 
ed two  pieces  of  brass,  to  keep  the  wire  cc  in  a  vertical 
direction,  that  it  may  accurately  shut  the  hole.  H  is  a 
cylindrical  wire  or  rod- which  carries  the  piston  I,  and  is 
made  hollow  to  receive  a  long  wire  gg,  which  opens  and 
shuts  the  hole  L ;  and  on  the  other  end  of  the  wire  O  is 


*  The  piston  and  barrel  are  1,65  inches  in  diameter,  in  proportion 
to  which  the  scale  is  drawn.    Figures  34,  36,  37,  38,  are,  however,  of. 
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screwed  a  nut,  which,  by  stopping  in  the  narrowest  part  of 
the  bole,  prevents  the  wire  from  being  driven  up  too  for. 
This  wire  and  screw  are  more  clearly  seen  in  Fig.  35.  and 
36;  they  slide  in  a  collar  of  leather  rr,  Fig.  35.  and  38.  in 
the  middle  piece  of  the  piston.     Fig.  37.  and  38.  are  the 
two  mean  parts  which  compose  the  piston,  and,  when  the 
pieces  36.  and  39.  are  added  toil,  the  whole  is  represented 
by  Fig.  35.     Fig.  88.  is  a  piece  of  brass  of  a  conical  form, 
with  a  shoulder  at  the  bottom.     A  long  hollow  screw  is 
est  in  it,  about  §  of  its  length,  and  the  remainder  of  the 
hole,  in  which  there  is  no  screw,  is  of  about  the  same  dia- 
meter with  the  screwed  part,  except  a  thin  plate  at  the 
end,  which  ia  of  a  width  exactly  equal  to  the  thickness  of 
gg.     That  part  of  the  inside  of  the  conical  brass  in  which 
no  thread  is  cut,  is  filled  with  oiled  leathers  with  holes, 
through  which  gg  can  slide  stiffly.     There  is  also  a  male 
screw  with  a  bole  in  it,  fitted  to  gg,  serving  to  compress 
the  leathers  rr.     In  Fig.  37.  aaaa'nthe  outside  of  the 
piston,  the  inside  of  which  is  turned  so  as  exactly  to  fit  the 
outside  of  Fig.  38.  b  b  are  round  leathers  about  60  in  num. 
ber,  c  c  is  a  circular  piece  of  brass  of  the  size  of  the  leathers, 
and  d  d  is  a  screw  serving  to  compress  them.     The  screw 
•I  the  end  of  Fig.  36.  is  made  to  fit  the  screw  in  Fig.  88. 
Now  if  Fig.  39.  be  pushed  into  Fig.  98.  this  into  Fig.37.  and 
Fig.  36.  be  screwed  into  the  end  of  Fig.  38,  these  will  com- 
pose the  whole  of  the  piston,  as  represented  in  Fig.  35.  H 
in  Fig.  34.  represents  the  same  part  as  H  in  Fig.  35.  and  is 
that  to  which  the  rack  is  fixed.     If,  therefore,  this  be 
drawn  upwards,  it  will  cause  Fig.  88.  to  shut  close  into  Fig. 
37,  and  drive  out  the  air  above  it ;  and  when  it  is  pushed 
downward,  it  will  open  as  far  as  the  shoulder  a  a  will  per- 
mit, and  suffer  air  to  pass  through.  AA  Fig.  40.  is  the  re- 
ceiver plate,  BB  is  a  long  square  piece  of  brass,  screwed 
into  the  under  side  of  the  plate,  through  which  a  hole  is 
drilled  corresponding  to  that  in  the  centre  of  the  receiver. 
*  plates  and  with  three  female  screws,  b,  b,  c. 
7 

Digitized  By  G00g[e 


Tbenunfiwtkmof  the  air  ia  the  receiver  m  effected  at 
follows :— Suppose  the  piston  at  the  bottom  of  the  buret 
The  inside  of  the  barrel,  from  the  tap  of  the  piston  to  «, 
contains  common  air.  When  the  rod  ia  drawn  op, :  the 
upper  part  of  die  piston  sticks  fast  in  the  barrel  till  the  co- 
nical part  connected  with  the  rod  shuts  the  conical  nolo, 
and  its  shoulder  applies  dose  to  its  bottom.  Tbe  piston 
is  now  shut,  and  therefore  the  wholt  is.  drawn  up  by  the 
rack-work,  driving  tbe  air  before  it  through  the  holeaa, 
into  the  oil- vessel  at  R,  and  out  into  the  room  by  the.  tube 
T.  Tbe  piston  will  then  be  at  tbe  tap  of  the  barrel  at  m, 
and  the  mxegg  will  stand  nearly  as  represented  in  tbe 
figure  just  raised  from  the  hole  L,  and  prevented  front 
rising  high  by,  the  nut  0,  During  this  motion  the  air  wial 
expand  in  the  receiver,  and  come  along  the  bent  tube  m 
into  the  barrel.  Thus  the  barrel  will,  be  filled  with  air, 
which,  as  the  piston  rises,  will  be  rarefied  in  proportion  as 
the  capacity  of  the  receiver,  pipes,  and  barrel,  is  to  the  bar- 
rel alone.  When  the  piahm  is  moved  down  again  by  the 
rack-work , "it  will  force  tbe  corneal  part,  Fig.  36.  out  nf  the 
hollow  part,  Fig.  37.  as  far  aa  the  shoulders  a  a ,-  Fig.  d& 
will  rest  on  a.  a,  Fig.  87.  which  will  then  be  so  far  open  as 
to  permit  the  air  to  pass  freely  through-  it,  while  at  the 
same  time  the  end  ofgg  ie  forced  against  the  top  of  the 
hole,  and  shuts  it  in  order  to  prevent  any  tav  from  re- 
turning mto  the  receiver.  Thus  the  piston,  moving/ down- 
wards, suffers  the  air  to  pass  out  between  the  sides  of  Fig. 
S7-  and  38..;  and,  when  it  is  at  tbe  bottom  of  the  barrel,  will 
have  tbe  eoloum  of  air  above  it ;  and  consequently,  when 
drawn  upward*  it  will  shut,  and  drive  out  thin  air,  and, 
by  opening  the  hole  L  at  the  same  time,  will  give  a  free 
passage  to  more  air  from  the  receiver.  This  process  be* 
ing  continued,  the  air  of  the  receiver  will  be  rarefied  as 
Jar  at  iU  txpanswe  pamtr  mil  permit.  For  in  this  bm-  * 
chine  there  are  no  valves  to  be  forced  open  by  the  elasticity 
of  the  air  in  the  receiver,  which  at  last  it  is  unable  to  effect ' 
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There  is  therefore  nothing  to  prevent  the  air  from  expand- 
ing to  its  utmost  degree. 

It  may  he  suspected  here,  that  aa  the  air  must  escape 
through  the  discharging  passage  oc,  Plate  XI.  Fig.  34. 
against  the  pressure  of  a  column  of  oil  and  the  weight 
of  the  wire,  there  will  remain  in  this  passage  a  quantity  of 
air  of  considerable  density,  which  will  expand  again  into 
the  barrel  during  the  descent  of  the  piston,  and  thus  put 
a  stop  to  the  progress  of  rarefaction.  This  is  the  case  in 
Mr  Snieaton'e  pump,  and  all  which  have  valves  in  the 
piston.  But  it  ts  -the  peculiar  excellency  of  kins  pnntp, 
that  whatever  fie  the  density  of  the  air  remaining  in 
a  c,  'the  rarefaction  wiH  still  go  em.  It  is  worth  while 
to  he  perfectly  ecnvinoed  of  this.  list  us  suppose  that 
the  air  contained  in  at  is  ,g^  fart  of  the  common 
air  which  would  fiH  the  barrel,  and  that  the  capacity 
of  the  barrel  iseqaal  torthai  of  th* 'receiver  and  passages, 
and  that  the  air  in  the  receiver  and  barrel  is  of  the  same 
density,  the  pistml  beifag  at  the  bottom  of  the  barrel  The 
ban-el  wiH  therefore  eoritam  ^  $g„  parts  of  its  natural  quan- 
tity»rttnd  the  iweivCT  T#j|B.  Now  let  die  piston  be  drawn 
up.  tNoair  wifl  be  discharged  at  a-.c,  because  it  will  con- 
tain the  whole  air  which  was  in  the  barrel,  and  which  has 
now  ccatapaed  into  its  ordinary  bulk.  But  this  does  not  in 
the  Jenat;  hinder  the  air  of  ithe  reterrer  from  expanding  into 
thte  badiel,  and  dnTiwing  itself  equally  between  both.  Each 
will  now  contain  T(ft,B  of  their  ordinary  quantity  when  the 
pistoti/iH  at  the  top,  and  ac  will  contain  tJB  asibefore,  or 
ii#4-  ■"ow  P°°h  down  the  piston.  The  hole  L  is  in- 
stantly shut,  and  the  air  in  a  c  expands  into  the  barrel, 
and  the  barrel  now  contains  TfljB.  When  the  piston  has 
readied  the  bottom,  let  it  be  again  drawn  up.  There  will 
be  t  tfas  discharged  through  c,  and  the  air  in  the  receiver 
will  again  fee  equally  distributed  between  It  and  the  barrel. 

Therefore  the  receiver  will  now  contain  t^;.     When  the 
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pistoi  reaches  the  bottom,  there  will  be  ^fn  in  the  barrel. 

*i 
When  again  drawn  up  to  the  top,  there  will  be  j^r 

discharged,  and  the  receiver  will  contain  -j^- ;    and  when 

the  piston  reaches  the  bottom,  there  will  be  vr™*  ^  *^e 

iooo1 

Thus  it  appears,  that  notwithstanding  the  T%  jB  which 
always  expands  back  again  out  of  the  hole  a  c  into  the 
barrel,  the  rarity  of  the  air  in  the  receiver  will  be  doubled 
at  every  stroke.  There  is  therefore  no  need  of  a  subsi- 
diary air-pump  at  c,  as  in  the  American  air-pump,  and  in 
the  Swedish  attempt  to  improve  Smeaton's. 

In  using  this  air-pump  no  particular  duections  are  neces- 
sary, nor  is  any  peculiar  care  necessary  for  keeping  it  in 
order,  except -that  the  oil-vessel  A  be  always' kept  about' 
half  full  of  oil.  When  the  pump  has  stood  long  without 
being  used,  it  will  be  proper  to  draw  a  tabte-spoonfnl  of 
oliv&-oil  through  it,  by-  pouring  it  into  the  hole  in  the 
middle  of -the  receiver-plate  when  the  piston  is  at  the  bot- 
tom of  the  barrel.  Then  by  working  the  piston,  the  oil 
will  be  drawn  through  all  the  parts  of  the  pump,  and  the 
surplus  will  he  driven  through  the  tube  T  into  the  oil- 
vessel  G.  Near  the  top  of  the  piston-rod  at  H  there  is  a 
hole  which  lets  some  oil  into  the' inside  of  the  rod,  which 
gets  at  the  collar  of  leathers  r  r,  and  keeps  the  wire  gg 
air-tight 

When  the  pump  is  used  for  condensation  at  die  Bane ' 
time  that  it  rarefies,  or  separately,  the  piece  containing  the 
bent  tube  T  must- be  removed,  and  Fig.  41:  put  into  its 
place,  and  fixed  by  its  screws.  Fig.  41.  as  drawn  in  the 
plate,  is  intended  for  a  double-barrelled  pump.  But  for  a 
single  barrel  only  one  piece  is  used,  represented  by  baa, 
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the  double  piece  being  cut  off  at  the  dotted  hoe  a  a.  In 
thia  piece  is.  a  female  screw  to  receive  the  end  of  a  long 
brass  tube,  to  which  a  bladder  (if  sufficient  for  the  experi- 
ment of  condensation),  or  a  glass,  properly  secured  for 
this  purpose,  must  be  screwed.  Then  the  air  which  is  ab- 
stracted from  the  receiver  on  the  pump-plate  will  be  forced 
into  the  bladder  or  glass.  But  if  the  pump  be  double,  the 
apparatus  Fig.  41,  is  used,  and  the  long  brass-tube  screwed 
on  ate. 

fig.  42.  and  43.  represent  the  two  gages,  which  will  be 
sufficiently  explained  afterwards.    Fig.  4&  is  screwed  into 
c  b,  or  into  the  screw  at  the  other  end  of  c  Fig.  40.  and  Fig.  ' 
43.  into  the  screw  a  b  Fig.  40. 

If  it  be  used  as  a  single  pump,  either  to  -  rarefy  or  con- 
dense, the  screw  K,  which  fastens  the  rack  to  the  piston- 
rod  H,  must  be  taken  out  Then  turning  the  winch  till 
H  is  depressed  as  low  as  possible,  the  machine  will  be 
fitted  to  exhaust  as  a  single  pump;  and  if  it  be  required 
to  condense,  the  direction  formerly  given  must  be  observed 
with  regard  to  the  tube  T  and  Fig.  42. 

*'  I  took  (says  Mr  Cuthbertson)  two  barometer-tubes  of 
an  equal  bore  with  that  fixed  to  the  pump.  These  were 
filled  .with  mercury  four  times  boiled.  They  were  then 
compared,  and  stood  exactly  at  the  same  height.  The 
mercury  in  one  of  them  was  boiled  in  it  four  times  more, 
without  making  any  change  in  their  height ;  they  were 
therefore  }adged  very  perfect  One  of  these  was  immeraed  '. 
in  the  cistern  of  the  pump-gage,  and  fastened  in  a  position, 
parallel  to  it,  and  a  sliding  scale  of  one  inch  was  attached 
to  it  This  scale,  when  the  gage  is  used,  must  have  its, 
upper  edge  set  equal  with  the  surface  of  the  mercury  in' 
the  boiled  tube  after  exhaustion,  and  the  difference  be- 
tween the  height  of  the  mercury  in  this  and  in  the  other 
barometer-tube  may  be  observed  to  ■  the  TJ„  of  an  inch ;' 
and  being  close  together,  no  error  arises  from  their  not  hex- 
ing exactly  vertical,  if  they  are  only  parallel.  This  gage 
will  be  better  understood  by  inspecting  Fig.  43.  - 
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"  I  used  a  second  gage,  which  I  shall  csfi  a  double  sy- 
phon.—See  plate  XI.  Fig.  4*.  This  was  also  prepar- 
ed with  the  utmost  care.  I  had  a  scale  for  measuring' 
the  difference  between  the  height  of  the  colimms  in  the 
two  legs.  It' was  an  inch  long,  and  drrided  aa  Oe  for- 
mer, and  kept  in  a  truly  vertical  position  by  SnspenrSng 
it  from  «  point  with  a  weight  hung  to  it,  as  represented  in 
the  figure.  Upon  comparing  these  two  gages*  I  always 
found  them  to  indicate  the  same  degree-  of  rarefaction.  I 
also  used  a  pear-gage,  though  the  moat  imperfect  of  all,  in 
order  to  repeat  the  curious  experiments  of  Mr  Nairne  and 
others." 

When  experiments  require  flu  utmost  rarefying  power 
of  the  pump,  the  receiver  must  not  be  placed  on  leather, 
either  oiled  or  soaked  in  water,  as  is  usually  done.  The 
pomp-plate  and  the  edge  of  the  receiver  must  be  ground 
very  flat  and  true,  and  this  with  very  fine  emery,  that  no 
roughflAs  may  remain.  The  plate  of  the  pump  must  then 
be  wiped  very  clean  and  very  dry,  and  the  receiver  nibbed 
with  a  warm  cloth  till  it  become  electrical.  The  receiver 
being  now  set  on  the  plate,  hogVlard,  either  alone  or  mix- 
ed with  a  little  oil,  which  has  been  cleared  of  water  by 
boiling,  must  be  smeared  round  its  outside  edge.  In  tins 
condition  the  pump  will  rarefy  its  utmost,  and  what  still 
remains  in  the  receiver  will  be  permanent  air.  Or  a  little 
of  this  composition  may  be  thinly  smeared  on  the  pump- 
plate  ;  this  will  prevent  all  risk  of  scratching  it  with  the 
edge  of  the  receiver.  Leather  of  very  uniform  thickness, 
long  dried  before  a  fire,  and  well  soaked  in  this  composi- 
tion, which  must  be  cleared  of  all  water  by  the  first  boil- 
ing, will  answer  very-  well,  and  is  expeditious,  when  re- 
ceivers are  to  be  frequently  shifted.  Other  leathers  should 
be  at  hand  soaked  in  a  composition  containing  a  little  rosin. 
This  gives  it  a  clamminess  which  renders  it  impermeable  to 
air,  and  is  very  proper  at  all  joints  df  the  pump,  and  all 
apparatus  for  pneumatic  experiments.  As  it  is  impossible 
to  render  the  pear-gage  as  dry  as  other  parts  of  the  appa- 
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atua,  t^ere  will  fee  fiW#erally  acfpp  variatiou  between  this 
and  the  other  gage* 

^yifcen  if.  if)  onb/  intended  to  show  *he  utmost  power  of 
the  pump,  without  intending  to  ascertain  the  quality  of 
theres^umi,  %  ^w^^r  n»y  he  set  on  wet  leather.  If, 
in  tliia  condition,  the  ah;  he  rarefied  a*  far  a*  possible,  the 
ffPto  »ff-  JtfTfWytfrffW *fl  iodicatoaleaa  degree  of 
racflfijetiou  thanjn  the  fbnper  experunelita.  But  when  the 
■u;  u  fe  jpk  again,  the  peas-gage  wttj  point  out  a  rarefaction 
ac^&puaapdsofth^g^^  Ifthe 

feWgH#tf.l^P«PWIW^WM^^^"fri«mPe  n-ouired, 
fiBiBW&ffBB  w$  ^  nearest  the  truth :  for  when  the  air  is 
pua&d  to.  a  certain  degree,  the  moistened  leather  emits  an 
e^qos^uobl?  fliud,  which,  filling  the  receiver,  forces,  out  the 
[Wrmaneat  air ;  s*d  thejwo  first  gages  indicate  a  degree 
of  exhaustion,  ftpcM  i*J»to».  to >the  whole  eh-atic  matter  re- 
laaining  in  the  receiver,  v».  to  the  expanaiHe  fluid  toge- 
ther mtti  the  permanent  air ;  whereas  the  near-gage  points 
out  the  degree  of  exhaustion,  with  relation  to  the  perma- 
nent air  ahne,  winch  remains  in  the  receivar ;  fin*  by  the 
pressure  of  the  air  admitted  into  the  receiver,  the  elastic 
vapour  is  reduced  to  its  former  built ,  which  is  impercep- 
tible. 

Many  bodies  emit  this  elastic  And  when  the  pressure  of 
the  air  is  much  diminished  j  a  piece  of  leather,  in  its  ordi- 
nary damp  state,  about  an  inch  square,  or  a  hit  of  green  or 
dry  wood,  will  supply  this  for  a  great  while. 

When  such  fluids  have  been  generated  in  any  experi- 
meataj  the  pump  must  be  carefully  cleared  of  them,  for 
they  remain  not  only  in  the  receiver,  but  in  the  barrels 
and  pannages,  and  will  again  expand  when  the  exhaustion 
has  been  camedfar. 

The  best  method  of  clearing  the  pump  is  to  take  a  very 
large  receiver,  and  use  every  precaution  to  exhaust  it 
as  fitr  as  possible.  Then  the  expansible  matter  lurking  in 
the  barrels  and  passes  will  be  diffused  through  the  receiver 
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also,  or  will  be  carried  off  along  with  its  air.  -  It  w3l  be 
as  much  rarer  than  it  was  before,  as  die  aggregate  caps- 
city  of  the  receiver  barrels  and  panes  is  larger  than  that  of 
the  two  last 

The  performance  of  die  pmnp  may  be  judged  of  from 
the  four  following  experiments  :— 

The  two  gages  being  screwed  into  their  places,  and  the 
hole  in  the  receiver-plate  shut  up,  the  pump  was  made  to 
exhaust  as  far  as  it  could.  The  mercury  in  die  legs  of 
the  syphon  was  only  A  of  an  inch  out  of  the  level,  -  and 
that  in  the  boiled  barometer-tube  ^  of  an  inch  higher  than 
in  the  one  screwed  to  the  pump.  A  standard  barometer 
then  stood  at  90  inches,  and  therefore  the  pump  rarefied 
the  permanent  air  1S0O  times.  This  is  twice  as  much;  as 
Mr  Nairoe  found  Mr  Smeaton's  do  in  its  best  state.  Mr 
Cavallo  seems  disposed  t»  give  a  favourable  (while  we  must 
suppose  it  a  just)  account  of -Haas  and  Hurler's  pump, 
and  it  appears  never  to  hare  exceeded  600  times. '  Mr  CuuV 
bertsonhas  often  found  the  mercury  within  TJB  of  an  inch 
of  the  level  in  the  syphon-gage,  indicating  a  rarefaction  of 
3000. 

To  one  end  of  a  glass  tube,  3  inches  diameter  and  90 
inches  long,  was  fitted  a  brass  cap  and  collar  of  leather, 
through  which  a  wire  was  inserted,  reaching  about  two 
inches  within  the  tube.  This  was  connected  with  the  con- 
ductor of  an  electric  machine.  The  other  end  was  ground 
flat  and  set  on  the  pump-plate.  When  the  gages  indicated 
a  rarefaction  of  300,  the  light  became  steady  and  uniform, 
of  a  pale  colour,  though  a  little  tinged  with  purple ;  at  000 
the  light  was  of  a  pale  dusky  white ;  when  1900  it  disap- 
peared in  the  middle  of  the  tube,  and  the  tube  conducted 
so  well  that  the  prime  conductor  only  gave  sparks  so  faint 
and  short  as  to  be  scarcely  perceptible.  After  taking  off 
the  tube,  and  making  it  as  dry  as  possible,  it  was  again 
connected  with  the  conductor,  which  was  giving  sparks  two 
inches  long.    When  the  air  in  it  was  rarefied  ten  times,  the 
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sparks'  were  of  die  same  length.  Sometimes  a  pencil  of 
fight  darted  along  the  tube.  When  the  rarefaction  was 
SO,' the  spark  did  not  exceed  an  inch,  and  Light  streamed 
the  whole  length  of  the  tube.  When  the  rarefaction  was  SO, 
the  sparks  were  half  an  inch,  and  the  light  rushed  along  the 
tube  in  great  streams.  When  the  rarefaction  was  100, 
the  sparks  were  about  J  of  an  inch  long,  and  the  light  filled 
the  tube  in  an  uninterrupted  body.  When  800,  the  ap- 
pearances were  aa  before.  When  600,  the  sparks  were  j1,, 
and  the  light  was  of  a  faint  white  colour  in  the  middle,  but 
tinged  with  purple  towards  the  ends.  When  1200,  the 
fight  was  hardly  perceptible  in  the  middle,  and  was  much 
fainter  at  the  ends  than  before,  but  still  ruddy.  When 
1400,  which  was  the  most  the  pump  could  produce,  six 
inches  of  the  middle  of  the  tube  were  quite  dark,  and  the 
ends  free  of  any  tinge  of  red,  and  the  sparks  did  not  ex- 
ceed ,'„  of  an  inch. 

Although  this  noble  instrument  originated  in  Germany, 
all  its  improvements  were  made  in  this  kingdom.  Both 
the  mechanical  and  pneumatical  principles  of  Mr  Boyle's 
construction  were  extremely  different  from  the  German, 
and,  in  respect  of  expedition  and  conveniency,  much  supe- 
rior. The  double  barrel  and  gage  by  Hawkesbee  were 
capital  improvements,  and  on  principle ;  and  Mr  Smeaton's 
method  of  making  the  piston  work  in  rarefied  air  made  a 
complete  change  in  the  whole  process. 

Aided  by  this  machine,  we  can  make  experiments  esta- 
blishing and  illustrating  the  gravity  and  elasticity  of  the 
air  in  a  much  more  perspicuous  manner  than  could  be  done 
by  the  spontaneous  phenomena  of  nature. 

It  allows  us  in  the  first  place  to  show  the  materiality  of 
air  in  a  very  distinct  manner.  Bodies  cannot  move  about 
in  the'  atmosphere  without  displacing  it.  This  requires 
force ;  and  the  resistance  of  the  air  always  diminishes  the 
velocity  of  bodies  moving  in  it.  A  heavy  body  therefore 
has  the  velocity  of  its  fall  diminished  ;  and  if  the  quantity 
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of  ay  d^anlaead  be  vary  great,  tfae  tUmiintinn  wJUhevety 

CQjwjde.aWe.  Thjg  is  tee  reason  why  light  bodies,  euch  as 
feathers,  fall  very  slowly.  Their  moving  force  is  vary 
■null,  aod  eta  tbesefbre  displace  a  gneat  quantity  of  air 
only  vjfh  a.  vary  mall  Telocity.  But  i£  the  same  body  bt 
droppad  t»  Vjcm,  when  there  is  no  air  to  be  displaced,  it 
falls,  with  the  whole  velocity  competent  to  its  gravity. 
Fjg.  44.  Plata  3f.JI.  represents  an  apparatus  by  which 
aguin«nand«doTny  feather  arc  dropped  at  the  earns  uv 
fttfm.t,  by  opening  the  forceps  which  holds  them  by  inesni 
o/  the  sup*wise  in  the  bap  of  the  receiver.  If  this  be  done 
after  the  air  has  bean  pumped  out,  the  guinea  and  the  fear 
{bar  will  be  observed  to  reach  the  bottom  it  the  same  nv 
stent. 

Fig.  40.  represents  another  apparatus  for  showing  the 
same  thing.  It  consists  of  two  sets  of  bran  vanes  put  in 
separate  axles,  in  the  manner  of  windmill  sails.  One  set 
has  their  edges  placed  in  the  diivcuon.  of  their  whirfiug 
notion,  that  is,  in  a  plane  to  which  the  axis  is  perpendicu- 
lar. The  planes  of  the  other  set  pass  through  the  axis, 
and  they  are  these/ore  trhnmed  so  as  directly  to  front  the 
'  air  through  which  they  move.  Two  springs  act  upon  pins 
projecting  from  the  axis;  and  their  strength  or  tensions 
are  ao  adjusted,  that  when  they  are  disengaged  m  cocao, 
the  two  sets  continue  in  motion  equally  long.  If  they  are 
-  disengaged  in  the  air,  the  vanes  which  beat  the  air  with 
their  planes  will  stop  long  before  those  which  cut  it  edge* 
wise. 

We  can  now  abstract  the  air  almost  completely  from  a 
dry  vessel,  so  as  to  know  the  precise  weight  of  the  air 
which  filled  it.  The  first  experiment  we  have  of  this  kind, 
done  with  accuracy,  is  that  of  Dr  Booke,  Feb.  10. 166a. 
when  he  found  114  pints  of  air  to  weigh  946  grains.  One 
pint  of  water  was  83\  ounces.  This  gives  for  the  speafio 
gravity  of  air  s  J0  very  nearly. 
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laws,  that  ever;  body  prqp«ade<«te»  Q<dy  with  d)e  **ceas- 
of  ite  own.  weight  above  tbat  of ■  t^  air  which  it  displaces  j 
for  every  body  loses  by  this  umQankm  the  wej^tef  th<* 
displaced  air,  A  cabas  foot  loses  ajjont  .681  K/ajpj  Iff 
fcqaty  weather.  We  see  balloons  eyeu  rise  if  the  au;,  a*  a 
pace  of  cgrk  rises  }n  water.  ,4.  masa  of  vafejr  whjcrtveafr 
cqataine  850  pounds  will  bed  the  scolerof  a  batyinoe  wity 
849  only,  and  will  fee  balanced,  by  about  84H  pounds  «f 
braaa.  This  is  evinced  bj  a  very  pretty  experiment,  r%- 
prcsented  in  Fig.  46-  A  mall  beam  is  suspended  wiihin 
HzecoWcr.  To  oue  end  of  the  beau  it  appended  a  thin 
glass  or  copper  baU,  close  in  everj  part.  This  ia  balance^ 
by  •  email  piece  of  lead  hung  on  tbe  other  arm.  As  tbe 
ait  ia  pumped  out  of  tbe  receiver,  the  ball  Trill  gradually 
preponderate,  and  will  regain  its  equilibrium  when  tbe  air 
U  re-admitted. 

There  is  a  cafe  in  which  this  observation  ia  of  conse- 
quence to  tbe  philosopher :  we  mean  the  measuring  of 
time  by  pendulums.  At  tbe  accelerating  force  on  a  pen- 
dulum is  not  its  whole  weight,  but  the  excess  of  its  weight 
over  that  of  tbe  displaced  air,  it  follows  that  a  pendulum 
will  vibrate  more  slowly  in  tbe  air  tbap  in  vacuo,  A  pen- 
dulum composed  of  lead,  iron,  and  brass,-  may  be  about 
8400  times  heavier  than  tbe  air  which  it  displaces  when 
tbe  barometer  is  at  30  inches  and  the  thermometer  at  32°, 
and  the  accelerating  force  will  be  diminished  about  I51DB. 
This  will  cause  a  second  pendulum  to  make  about  five 
vibrations  leas  in  a  day  than  it  would  do  *ri  vacuo.  In 
{Order  therefore  to  deduce  dw  accclerative  power  of  gra- 
vity from  the  Jength  of  a  pendulum  vibrating  in  the  air, 
we  must  make  an  allowance  of  0",17,  or  jV0  of  a  second! 
par  day,  for  every  inch  that  tbe  barometer  stands  lower 
than  30  inches.  But  we  must  also  note  the  temperature  of 
the  air;  because,  when  the  air  is  warm,  it  is  tern  dense 
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when  supporting  by  Ha  elasticity  tbe  Game  weight  of  at- 
mosphere, and  we  must  know  how  much  its  density  is  di-  ; 
rninished  by  an  increase  of  temperature.  'The  correction 
is  still  more  complicated ;  for  the  change  of  density  affects 
the  resistaC^  of  the  air,  and  this  affects  the  time  of  .the 
Vibration,  and  this  by  a  law  that  is  not  yet  well  ascertained. 
As  far  as  we 'can  determine  from  any  experiments  that 
have  been  made,  pt  appears  that' the  change 'arising  from 
the  altered  resistance  takes'  off  about  f  of  the  change  pro- 
duced by.  the  altered  density,  and  that  a  second  pendulum 
makes  but  three  vibrations  a-day  more  invdiito  than  in 
the  open  air.  This  is  a  very-unexpected  result ;  hut  h.  most 
be  owned  that  the  experiments  have  neither  been  tnnner- 
ous  norvery  nicely  made.' '  * "' 

.The  air-pump '  also  allows  us  to  show  the'efrect&of  the 
air's  pressure  in  a  great  number  of  amUsingand  instructive 
phenomena,  .  .  '----■- 

When  die  air  is '  abstracted  from  tlur  receiver,  it  is 
strongly  pressed  to  the  pump-plate  by  the  incumbent  at- 
mosphere, and  it  supports'  this  great  pressure  in  conse- 
quence of  its  circular  form.  Being  equally  compressed  on 
all  sides,  there  is  no  place  where  it  should  give  way  rather 
than  another ;  but  if  it  be  thin,  and  Dot  very  round,  which 
is  sometimes  the  case,  it  will  be  crushed  to  pieces. '  If  we 
take  a  square  thin  phial,  and  apply  an  exhausting  syringe 
to  its  mouth,  it  will  not  fail  being  crushed. 

As  the  operation  of  pumping  is  something  like  sucking, 
many  of  these  phenomena  are  in  common  discourse  ascrib- 
ed to  suction,  a  word  much  abused ;  and  this  abuse  mis- 
leads the  mind  exceedingly  in  its  contemplation  of  natural 
phenomena.  Nothing  is  more  Usual  than  to  speak  of  die 
suction  of  a  syringe,  the  suction  and  draught'  of  a  chimney, 
&c.  The  following  experiment  puts  the  true  cause  of  the 
strong  adhesion  of  tbe  receiver  beyond  a  doubt  .- 

Place  a  small  receiver  or  cupping-glass  on  the  pump- 
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plate,  without  covering  the  central  hole,,  as  represented  in 
Fig.  47,  and  cover  it  with  a  larger  receiver.  Exhaust  the 
air  from  it ;  then  admit  it  as  suddenly  as  possible.'  The 
outer  receiver,  which  after  the  rarefaction  adhered  strong- 
ly to  the  plate,  is  now  loose,  and  the  cupping-glass  will  be 
Found  sticking  fast  to  it.  While  the  rarefaction  was  going 
on,  the  air  in  the  small  receiver  also  expanded,  escaped  front 
it,  and  was  abstracted  by  the' pump.  When  the  external 
air  was  suddenly  admitted,  it  pressed  on  the  small  receiver, 
and  forced  it  down  to  the  plate,  and  thus  shut  up  all  entry. 
The  small  receiver  must  now  adhere ;  and  there  cab  be  no 
suction,  for  the  pipe  of  the  pump  was  on  the  outside  of  the 
cupping-glass. 

This  experiment  sometimes  does  not  succeed,  because 
the  air  finds  a,  passage  under  the  brim  of  the  cupping- 
glass.  But  if  the  cupping-glass  be  pressed  down  by  the 
hand  on  the  greasy  leather  or  plate,  every  thing '  will  be 
made  smooth,  and  the  glass  will  be  so  little  raised  by  the 
expansion  of  its  ah*  during  the  pumping,  that  it  will  instant- 
ly clap  close  when  the  air  is  re-admitted. 

In  like  manner,  if  a  thin  square  phial  be  furnished  with 
a  valve,  opening  from  within,  but  shutting  when  pressed 
from  without,  and  if  this  phial  be  put  under'  a  receiver,  and 
the  air  be  abstracted  from  the  receiver,  the  air  in  the  phial 
will  expand  during  the  rarefaction,  will  escape  through. the 
valve,  andjbe  at  last  in  a  very  rarefied  state  within  the 
phial.  If  the  air  be  now  admitted  into  the  receiver,  it  will 
press  on  the  flat  sides  of  the  included  phial,  and  crush  it  to 
pieces.     See  Fig.  48. 

If  a  piece  of  wet  ox-bladder  be  laid  over  the  top  of  a  re- 
ceiver whose  orifice  is  about  four  inches  wide,  and  the  air 
be  exhausted  from  within  it,  the  incumbent  atmosphere  will 
press  down  the  bladder  into  a  hallow  form,  and  then  burst 
it  inward  with  a  prodigious  noise.  See  Fig.  49-  Or  if  a 
piece  of  thin  fiat  glass  he  laid  over  the  receiver,  with  an 
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cfti/ed  feather  between  them  to  make  the  juncture  air-tight, 
the  glass  will  be  broken  downwards.  Tins  must  be  done 
wifh  caution,  because  the  pieces  of  glass  sometimes  fly 
abou£  with  great  force 

|[f  there  be  formed  two.  hemispherical  cups  of  brass,  with 
vary  flat  thick  brims,  and  one  of  them  be  fitted  with  a  neck 
faod  stop-cock,  as  represented  by  Fig.  50.  the  air  may  be 
abstracted  firon  them  by  screwing  the  neck  into  the  hole  in 
the  pump-plate,  To  prevent,  the  insinuation  of  air,  a  ring 
of  .oiled  leather  may  be  put  between  the  rims.  .  Now  un- 
screw  the  sphere  from  the  pump,  apd  six  hooks  to  each,  and 
suspend  them  from  a  strong  nail,  and  hang  a  scale  to  the 
lowest  It  will  require  a  considerable  weight  to  separate 
them ;  namely,  about  15  pounds  for  every  square  inch  of 
the  great  circle  of  the  sphere.  If  this  be  four  inches  dia- 
meter, it  will  require  near  190  pounds.  This  pretty  ex- 
periment was  first  made  by  Otto  Guericke,  and  on  a  very 
great  scale.  His-  sphere  was  of  a  large  size,  and,  when  ex- 
hausted, the  hemispheres  could  not  he  drawn  asunder  bj 
20  horses.  It  was  exhibited,  along  with  many  others 
equally  curious  and  magnificent,  to  the  Emperor  of  Ger- 
many and  his  court,  at  the  breaking  up  of  the  diet  of  Ba- 
tisbon  in  1654. 

Jf  the  loaded  syringe  mentioned  in  No  16.  be  suspended 
by  its  piston  from  the  hook  in  the  top  plate  of  the  receiver, 
as  in  Fig.  51.  and  the  air  be  abstracted  by  the  pump,  the 
syringe  will  gradually  descend  (because  (he  elasticity  of  the 
air,  which  formerly  balanced  the  pressure  of  the  atmo- 
sphere, is  now  diminished  by  its  expansion,  and1  is  therefore 
no  longer  able  to  press  the  syringe  to  the  piston),  and  it 
will  at  last  drop  off.  If  the  air  he  admitted  before  this 
happens,  the  syringe  will  immediately  rise  again. 

Sqrew  a  short  brass  pipe  into  the  neck  of  a  transport- 
er, oa  winch  is  set  a  tall  receiver,  and  immerse  it  into  a 
cistern  of  water.     On  opening  the  cork  the  pressure  of 
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th*  afar  6*  the  ttrmce  of  the  Water  to  fte  cistern  -WKfdrde 
It  tap  throagfc  the  pipe,  and  cause  H  to  spout  ratio  tiie  re- 
ceiver with  a  strong  jet,  because  there  is  no  air  WiuYm  16 
ttfbuice  by  lis  chtstleity'  the  pressure  of  the  atttcepnere. 
See  Fig.  Bit. 

It  k  in  the  sante  way  that  the  gage  of  Ae  slr-pumpper'- 
forms  iw  oftce:  41ft  pressure  of  the  atmosphere  raises** 
racVeury  *to  the  gage,  tilt  the  weight  of  the  mercury,  W. 
getbcr#iihthe«ffliimigelfl9a<^ofthC8ir'tetierecer*e*, 
areffiecfwlibrki  with  the  whole  pressure  of  the  (rtffiosphetfe: 
therefore  the  height  and  weight  uf  the  mercury  in  the  gage 
b  *e  eieees  of  the  weight  of  the  atmosphere  shore  die 
elasticity  of  the  included  air;  and  the  deficiency  ofthk 
height  from  that  of  the  mercury  htihe  Toriceflian  tube  is 
the  tneaWQK  of  this  rehttraing  elastidty. 

if  a  Teriottttt  tube  be  pot  wider  a  tall  receiver,  as 
shown  in  Fig.  S3,  and  the  air  be  exhausted,  the  mercury  In 
Hit  tube  Will  descend  while  that  in  the  gage  will  rise ;  aiid 
the  sum  of  their  heights  will  always  be  the  same,  Oat  bj, 
equal  to  the  height  in  anordlnary  barometer.  The'heigfct 
of  the  mercury  m  the  N*errer  is  the  dreW  and  metcWfe  of 
the  rwnainiag  elasticity  of  the  included  air,  and  Are  height 
in  the  pump,  gage  is  the  unbalanced  pressure  of  the  atmo- 
sphere. This  is  a  vtiry  Instructive  experiment,  ferfec&y  &■ 
nrihtr  to  Mr  AtUiout'a,  foritteriy  fttetotsonefl,  and  complete. 
tyeaBtbtiahes  and  illustrates  the  whole  doctrine  of  a'bbo- 


We  get  a  skrnlar  Illustration  ana  ccttftfaation  (if  siich1  a 
tUng  be  no*  needed)  of  the-ctUise  of  the  rise  of  water  hi 
p^an^ by aervwmga  syringe brtofbe^tty 
er,  which  syringe  has  fa  short  glass  ph*  'plufighig  into  a 
small  eup  of  water.  See  Fig.  ■ -54.  When  the  piston-rod 
is  Brawn  up,  the  wttter  rises  m  the  glntis  pipe,  Ss'ia  any 
other  pump,  of  which  this  fa  a  mjnkture  representation. 
Bat  if  the  ait  has  been  previously  exhausted  from  the  re- 
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cant,-  there  it  nothing  to  press  on  the  water  in  the  little 
jar;  and  it  will  not  rise  in  the  glass  pipe  though  the  piston 
of  the  syringe  be  drawn  to  the  top. 

Analogous  to  the  rise  of  water  in  pumps  ia  its  rise  and 
motion  in  syphons.  Suppose  a  pipe  ABCD,  Fig.  65-  bent 
at  right  angles  at  B  and  C,  and  having  its  two  ends  im- 
mersed in  the  cisterns  of  water  A  and  D.  Let  the  leg 
CD  be  longer  than  the  leg  BA,  and  let  the  whole  be  full 
ofwater.  The  water  is  pressed  upwards  at  A  with  a  force 
equal  to -the  weight  of  the  column  of  air  E  A  reaching  to 
the  top  of  the  atmosphere;  but  it  is  pressed  downwards  by 
the  weight  of  the  column  of  water  BA.  The  water  at  E 
is  pressed  downwards  by  the  weight  of  the  column  CD,  and 
upwards  by  the  weight  of  the  column  of  air  FD  reacting 
to  the  top  of  the  atmosphere.  The  two  cdamnsof  sir  dif- 
fer very  little  in  their  weight,  and  may  without  any  sewri- 
hle  error  be  considered  as  equal.  Therefore  there  is  a  su- 
periority of  pressure  downwards  at  D,  and  the  water  will 
flow  out  there.  The  pressure  of  the  air  will  raise  the  wa- 
ter in  the  leg  AB,  and  thus  the  stream  will  be  kept  up  till 
the  vessel  A  is  emptied  as  low  as  the  orifice  of  the  leg  BA, 
provided  the  height  of  AB  is  not  greater  than  what  the 
pressure  of  the  atmosphere  can  balance,  that  is,  does  not 
exceed  33  or  83  feet  for  water,  30  inches  for  mercury,  &c 

A  syphon  then  will  always  run  from  that  vessel  whose 
surface  is  highest ;  the  form  of  the  pipe  is  ^different,  be- 
cause the  hydrostaucal  pressures  depend  on  the  vertical 
height  only.  It  must  be  filled  with  water  by  some  other 
contrivance,  such  as  a  funnel,  or  a  pump  applied  a-top ; 
and  the  funnel  must  he  stopped  up,  otherwise  the  air  would 
get  iD,  and  the  water  would  fall  in  both  legs.' 

If  the  syphon  have  equal  legs,  as  in  Fig.  60.  and  be 
turned  up  at  the  ends,  it  will  remain,  full  of  water,  and  be 
ready  for  use.  It  need  only  be  dipped  into  any  vessel  of' 
water,- and  the  water  -will  then  now  out  at  the  other  eoilof 
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tbefcypaan.    This  ia  called  the  Wirtembtrg  typhon,  and 
ii  represented/in  Fig.  SB. 

What  ia  called  the  tgphonjbuntaia,  constructed  on  this 
principle,  ia  shown  in  Fig.  57.  where  AB  is  a  tall  receiver, 
ntaaiHng  in  a  wide  basin  DE,  which  ia  supported  on  the 
pedestal  H  by  the  houow  pillar  FG.  In  the  centre  of  the 
Itnrnr  ia  a  jet  pipe  C>  and  in  the  top  a  ground  stopper 
A.  Nearthehaaeof-thepUlariaaoock  N,  and  in  the  pe- 
destal  ia  another  cock  O. 

Fill  the  basin  DE'with  water1  within  half  an  inch  of  the 
bens.  •  Then  pour  in  water  at  the  top  of  the  receiver  (the 
eoek  N  being  shut)  till  it  is  about  half  full,  and  then  put 
in  the  stopper.  A  little  water  will  ran  out  into  the  vessel 
BE.  But  before  it  runs  over,  open  the  cock  N,  and  the 
water  .wiU  run  into  the  cistern  H ;  and  by  the  time  that  the 
pipe  O  appears  above  water,  a  Jet  will  rise  from  it,  and 
coutinue  as  Ions;  aa  water  ia  supplied  from  the  basin  DE. 
The  passage  into  the  base  cistern  may.  be  so  temperad  by 
the  cook  N  tbat:the  water  within  the.reoeiver  shall  keep  at 
thesamerhBitsbt,  and  what  runs  into  the  base  may  be  re- 
eerfedfram  tbe.oook-O  into  another  vessel,  and  returned 
into  DE,  to  keep  up  the  stream. 

This  pretty  pbikMopbical  toy  may  be  constructed  in  the 
following  meaner  BB,  Fig.  58,  is  the  ferril  or  cap  in*. 
to  which  the  receiver  ia  cemented.  From  its  centre  de- 
seends  the  jet  pipe  Co,  alopwg  outwards,  to  give  room  for 
the  disdtarsin^pipe  b  d  of -larger  diameter,  whose  lower  ex. 
trenntyd  fiu  lightly  into  the  top  of  the  hollow  pillar  FG. 
The  operation  of  the  toy  is  easily  understood.  Sup- 
pose the  distance  from  C  to  H  (No  1.)  throe  feet,  which  U 
about  ■£,  of  the  height  at  which  the  atmosphere  would  sup- 
port a  eohuan  of  water.  The  water  poured  into  AB  would 
descend  through  FG  (the  hole  A  being  abut)  till  the  air 
has  expanded  -fa,  and  then  it  would  stop.  If  the  pipe  Co 
be  now  opened,  the  pressure  of  the  air  on  the  surface,  of  the 
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wafer tt  *e  riatern  DE  win"  cause  it  to  spout  through  C 
to  the  height  of  three  feet  nearly,  and  die  water  *fll  een- 
tittae  to  descend  through  the  pipe  TO-.  By  tetnpeeiogtbe 
eoctt  Nsoss  to  allow -the  water  to  pass  through  it  w  feet 
as  k  ft  supplied  by  the  jet,  the  amusement  May  be  oomi- 
Otied  a  long  time.  It  -(rill  stop  at  hat,  bwuBWrt  iMeause, 
aithejetisms£ew6Dr«t^eaair(ahttfeah"TrfUbe«ctri. 
aftecCrrtrmftfe  wa»,  #hith  will  grafltutBy  accumulate  in 
the  receiver,  and  Hitwiniiih  its  rarefaction,  -which  is  the 
nttving  cso.se  of  the  jeL  This  idfleed  is  an  hnranvenience 
reft  id  every  enrployhietft  t>*  syphons^  so  much  the  MM 
rtHttafltlfbly  as  their  top  «  higher  than  trie  surface  of  the 
MRer  in  the  cistern  df  supply. 

CaseB  of  this  employment  of  a  syphon  are  not  unfre- 
qoenl  When  water  collected  at  A  (Pig.  *9.|)  tot*  be  con- 
ducted hi  a  pipe  to  C,  sitnated  in  a  loW*  part  of  tbeeostt*. 
try,  it  sometimes  happens,  as  between  Loebend  and  Lehb, 
that  the  intervening  ground  is  higher  than  the  fountain- 
head  as  at  B.  A  forcing  pump  Is  erected  at  A,  and  the 
water  forced  along  the  pipe.  Once  i^mnsont  atC,  the 
pmnp  may  be  removed,  and  the  *atef  w*  continue  to  rtm 
on  the  syphon  principle,  provided  BB  do  notexeeeflSJ 
feet.  But  the  water  in  that  part  of  the  conduit  whiflU  is 
above  the  horizontal  plane  AD,  is  in  the  anaeetste  as -in1  a 
receiver  of  ratified  air,  and  gives  out  some  of  the  air  whkJi 
is  chenneaMy  united  with  it  This  gradnafly  Bwcwnutatw 
in  the  elevated  part  of  the  conduit,  and  at  hot  chokes  it 
entirely.  When  this  happens,  the  forcing  pntap  most 
again  be  worked.  Although  the  elevation  in  the  idbUb 
conduit  is  only  about  eight  or  ten  feet,  it  will  asldonk  ran 
for  ia  honrs.  N.  B.  This  air  cannw.be  discharged  bysbe 
mmat  air-cocks ;  for  if  thei*  ware  an  opening  at  B*  the  Bar 
woteH  rush  in,  and  immediately  stop  itbe  metises,   . 

This  combination  of  air  with  witter  its  very  dsstiwitltysBen 
by  means  of  the  air-pump.  If  a  small  glass  <oWainmg 
cold  water,  fresh  drawn  from  the  spring,  be  exposed,  as  in 
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Fig.  60.  uabto  the  receiver,  and  the  air  rarefied,  email  bub- 
bles will  be  observed  to  form  on  the  inner  surface  of  the 
glass,  or  on  the  surface  of  any  body  immersed  in  it,  which 
will  increase  in  size,  and  then  detach  themselves  from  the 
glass  and  reach  the  top ;  as  the  rarefaction  advances,  the 
whole  water  begins,  to  show  very  minute  air-bubbles  rising 
to  the  top ;  and  this  appearance  will  continue  for  a  very  long 
time,  till  it  be  completely  disengaged.  Warming  the  wa- 
ter will  occasion  a  still  farther  separation  of  air,  and  a  boil- 
ing heat  will  separate  all  that  can  be  disengaged.  The 
reason  assigned  for  these  air-bubbles  first  appearing  on  the 
surface  of  the  glass,  See.  is,  that  air  is  attracted  by  bodies, 
and  adheres  to  their  surface.  This  may  be  so.  But  it  is 
more  probably  owing  to  the  attraction  of  the  water  for  the 
glass,  which  causes  it  to  quit  the  air  which  it  held  in  solu- 
tion, in  the  same  manner  as  we  see  it  happen  when  it  is 
mixed  with  spirits  of  wine,  with  vitriolic  acid,  &c.  of  when 
salts  or  sugar  are  dissolved  in  it  For  if  we  pour  out  the 
water  which  has  been  purged  of  air  by  boiling  in  vacuo, 
and  fill  the  glass  with  fresh  water,  we  shall  observe  the 
same  thing,  although  a  film  of  the  purified  water  was  left 
adhering  to  the  glass.  In  this  case,  there  can  be  no  air 
adhering  to  the  glass. 

Water  thus  purged  of  air  by  boiling  (or  even  without 
boiling)  in  vacuo,  will  again  absorb  air  when  exposed  to 
the  atmosphere.  The  best  demonstration  of  this  is  to  fill 
with  this  water  a  phial,  leaving  about  the  size  of  a  pea  not 
filled,  Immerse  this  in  a  vessel  of  water,  with  the  mouth 
undermost,  by  which  means  the  air-bubble  will  mount  up 
to  the  bottom  of  the  phial.  After  some  days  standing  in 
this  condition,  the  air-bubble  will  be  completely  absorbed, 
and  the  vessel  quite  filled  with  water. 

The  air  in  this  state  of  chemical  solution  has  lost  its  elas- 
ticity,- for  the  water  is  not  more  compressible  than  common 
water.  It  is  also  found  that  water  brought  up  from  a  great 
depth  under  ground  contains  much  more  air  than  water j* 
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the  surface.  Indeed  fountain  waters  differ  exceedingly  to 
this  respect.  Other  liquors  contain  much  greater  quanti- 
ties of  elastic  fluids  in  this  loosely  combined  state.  A  glass 
of  beer  treated  in  the  same  way  will  be  almost  wholly  con- 
verted into  froth  by  the  escape  of  its  fixed  air,  and  will 
have  lost  entirely  the  prickling  smartness  which  is  so  agree- 
able, and  it  become  quite  vapid. 

The  air-pump  gives  us,  in  the  nest  place,  a  great  varie- 
ty of  experiments  illustrative  of  the  air's  elasticity  and  ex- 
pansibility. The  very  operation  of  exhaustion,  as  it  is  call- 
ed, is  an  instance  of  its  great,  and  hitherto  unlimited,  ex- 
pansibility. But  this  is  not  palpably  exhibited  to  view.— - 
The  following  experiments  shew  it  most  distinctly  : 

1.  Put  a  flaccid  bladder,  of  which  the  neck  is  firmly  tied 
with  a  thread,  under  a  receiver,  and  work  the  pump.  The 
bladder  will  gradually  swell,  and  will  even  be  fully  dis- 
tended. Upon  readmitting  the  air  into  the  receiver,  the 
bladder  gradually  collapses  again  into  its  former  dimen- 
sions :  while  the  bladder  is  flaccid,  the  air  within  it  is  of  the 
same  density  and  elasticity  with  the  surrounding  air,  and 
its  elasticity  balances  the  pressure  of  the  atmosphere.  When 
part  of  the  air  of  the  receiver  is  abstracted,  the  remainder 
expands  so  as  still  to  fill  the  receiver :  but  by  expanding 
its  elasticity  is  plainly  diminished ;  for  we  see  by  the  fact, 
that  the  elasticity  of  the  air  of  the  receiver  no  longer  ba- 
lances the  elasticity  of  that  in  the  bladder,  as  it  no  longer 
keeps  it  in  its  dimensions.  The  air  in  the  bladder  expands 
also:  it  expands  till  its  diminished  elasticity  is  again  in 
equilibrio  with  the  diminished  elasticity  of  the  air  in  the 
receiver ;  that  is,  till  its  density  is  the  same.  When  all 
the  wrinkles  of  the  bladder  have  disappeared,  its  air  can 
expand  no  more,  although  we  continue  to  diminish  the  elas- 
ticity of  the  air  of  the  receiver  by  further  rarefaction.  The 
bladder  now  tends  to  burst ;  and  if  it  be  pierced  by  a  point 
or  knife  fastened  to  the  slip-wire,  the  air  will  rush  out,  and 
the  mercury  descend  rapidly  in  the  gage. 
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Ifa  phial  or  tube  be  partly  filled  with  water,  and  Im- 
mersed in  a  vessel  of  water  with  the  mouth  down  wards,  4he 
air  will  occupy  the  upper  part  of  the  phial.  If  this  appal 
ratus  be  put  under  a  receiver,  and  the  sir  be  abstracted, 
the  air  in  die  phial  will  gradually  expand,  allowing  the  wa- 
ter to  run  out  by  its  weight  till  the  surface  of  the  water  be 
on  a  level  within  and  without  When  this  is  the  case,  we 
must  grant  that  the  density  and  elasticity  of  the  air  in  the 
phial  U  the  same  with  that  in  the  receiver.  When  we  work 
the  pump  again,  we  shall  observe  the  air  in  the  phial 
expand  still  more,  and  come  out  of  the  water  m  bub- 
bles. Continuing  the  operation,  we  shall  see  the  ah*  conti* 
nually  escaping  from  the  phial :  when  this  is  over,  it  draws 
that  the  pump  can  rarefy  no  more.  If  we  now  admit  the 
ah*  into  the  receiver,  we  shall  see  the  water  rise  into  the 
phial,  and  at  last  almost  completely  fill  it,  leaving  only  si 
very  small  bubble  of  air  at  top.  This  bubble  had  expand- 
ed so  as  to  fill  the  whole  phial.  See  this  represented  id 
Fig.  61. 

Every  One  must  have  observed  a  cavity  at  the  big  end  of 
an  egg  between  the  shell  and  the  white.  The  white  and 
yolk  are  contained  in  a  thin  membrane  or  bladder  which 
adheres  loosely  to  the  shell,  but  is  detached  from  it  at  that 
part ;  and  this  cavity  increases  by  keeping  the  egg  in  a  dry 
place.  One  may  form  a  judgment  of  its  size,  and  there- 
fore of  the  freshness  of  the  egg,  by  touching  it  with  the 
tongue ;  for  the  shell,  where  it  is  not  in  contact  with  the 
contents,  will  presently  feel  warm,  being  quickly  heated  by 
the  tongue,  while  the  rest  of  the  egg  will  feel  cold. 

If  a  hole  be  made  in  the  opposite  end  of  the  egg,  and  it 
be  set  on  a  little  tripod,  and  put  under  a  receiver,  the  ex- 
pansion of  .the  air  in  the  cavity  of  the  egg  will  force  the 
contents  through  the  hole  till  the  egg  be  quite  emptied : 
or,  if  nearly  one  half  of  the  egg  be  taken  away  at  the  other 
end,  and  the  white  and  yolk  taken  out,  and  die  shell  be  put 
under  a  receiver,  and  the  air  abstracted,  the  air  in  the  ca- 
vity of  the  egg  will  expand,  gradually  detaching  the  mem- 

■ 


<M8  mtruATicc 

brain  from  the  she]],  till  it  causes  it  to  swell  out;  and  gives 
the,  whole  the  appearance  of  an  entire  egg.  In  like  man- 
ner shrivelled  apples  and  other  fruits  will  swell  in  vacuo  by 
the  expansion  of  the  air  confined  in  their  cavities. 

If  a  piece  of  wood,  a  twig  with  green  leaves,  charcoal, 
plaster  of  Paris,  Szc.  be  kept  under  water  in  vacuo,  a  pro- 
digious quantity  of  air  will  be  extracted ;  and  if  we  read- 
mit the  ah-  into  the  receiver,  it  will  force  the  water  into 
the  pores  of  the  body.  In  this  case  the  body  will  not 
swim  in  water  as  it  did  before,  shewing  that  the  vegetable 
fibres  are  specifically  heavier  than  water.  It  is  found, 
however,  that  the  air  contained  in  the  pith  and  bark,  such 
as  cork,  is  not  all  extricated  in  this  way ;  and  that  much 
of  it  is  contained  in  vesicles  which  have  no  outlet :  being 
secreted  into  them  in  the  process  of  vegetation,  as  it  is  se- 
creted into  the  air-bladder  of  fishes,  where  it  is  generally 
found  in  a  pretty  compressed  state,  considerably  denser 
than  the  surrounding  air.  The  air-bladder  of  a  fish  is  sur- 
rounded by  circular  and  longitudinal  muscles,  by  which  the 
fish  can  compress  the  air  still  further ;  and,  by  ceasing  to 
act  with  them,  allow  it  to  swell  out  again.  It  is  in  this 
manner  that  the  fish  can  suit  its  specific  gravity  to  its  si- 
tuation in  the  water,  so  as  to  have  no  tendency  either  to 
rise  or  sink :  but  if  the  fish  be  put  into  the  receiver  of  an 
air-pump,  the  rarefaction  of  the  air  obliges  the  fish  to  act 
more  strongly  with  these  contracting  muscles,  in  order  to 
adjust  its  specific  gravity ;  and  if  too  much  air  has  been 
abstracted  from  the  receiver,  the  fish  is  no  longer  able  to 
keep  its  air-bladder  in  the  proper  degree  of  compression. 
It  becomes  therefore  too  buoyant,  and  comes  to  the  top  of 
the  water,  and  is  obliged  to  struggle  with  its  tail  and  fins 
in  order  to  get  down ;  frequently  in  vain.  Tbe  air-blad- 
der sometimes  burets,  and  the  fish  goes  to  the  bottom,  and 
can  no  longer  keep  above  without  the  continual  action  of 
its  tail  and  fins.  When  fishes.,  die,  they  commonly  float  at 
top,  their  contractive  action  being  now  at  an  end.  All  this 
may  he  illustrated  (but  very  imperfectly)  by  a  small  half- 
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blown  Madder,  to  which  is  appended  a  bit  of  lead,  just  so 
heavy  as  to  make  it  sink  in  water ;  when  this,  is  put  under 
a  receiver,  and  the  air  abstracted,  the  babble  will  rise  to 
the  top ;  and,  by  nicely  adjusting  the  rarefaction,  it  may 
be  kept  at  any  height— See  Fig.  46. 

The  playthings  called  Cartesian  devils  are  similar  to 
this :  they  are  hollow  glass  figures,  having  a  small  aper- 
ture in  the  lower  part  of  the  figures,  as  at  the  point  of  the 
loot ;  their  weight  is  adjusted  so  that  they  swim  upright  in 
water.  When  put  into  a  tall  jar  filled  to  the  top,  and  hav- 
ing a  piece  of  leather  tied  over  it,  they  will  sink  in  the  wa- 
ter, by  pressing  on  the  leather  with  the  ball  of  the  hand : 
this,  by  compressing  the  water,  forces  some  of  it  to  enter 
into  the  figure,  and  makes  it  heavier  than  the  water ;  fix 
which  reason  it  sinks,  but  rises  again  on  removing  the  pres- 
sure of  the  hand. — See  Fig.  47,  No  1.  and  8. 

If  a  half-blown  ox-bladder  be  put  into  a  box,  and  great 
weights  laid  on  it,  and  the  whole  be  put  under  a  receiver, 
and  the  air  abstracted,  the  air  will,  by  expanding,  lift  up 
the  weights,  though  above  an  hundred  pounds.  ■■  See 
Pig.  48. 

By  such  experiments  the  great  expansibility  of  the  air  is 
abundantly  illustrated,  as  its  compressibility  was  formerly 
by  means  of  the  condensing  syringe.  We  now  see  that 
the  two  sets  of  experiments  form  an  uninterrupted  chain ; 
and  that  there  is  no  particular  state  of  the  air's  density 
where  the  compressibility  and  expansibility  is  remarkably 
dissimilar.  Air  in  its  ordinary  state  expands ;  because  its 
ordinary  state  is  a  state  of  compression  by  the  weight  of 
the  atmosphere :  and  if  there  were  a  pit  about  33  miles 
deep,  the  air  at  the  bottom  would  probably  be  as  dense  as 
water ;  and  if  it  were  50  miles  deep,  it  would  be  as  dense 
as  gold,  if  it  did  not  become  a  liquid  before  this  depth : 
nay,  if  a  bottle  with  its  mouth  undermost  were  immersed 
six  miles  under  water,  it  would  probably  be  as  dense  as  wa- 
ter;  we  say  probably,  for  this  depends  on  the  nature  of  ibt 
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compressibility  ;  that  is,  on  the  relation  which  subsists  be- 
tween the  oomprpwioo  and  the  forge  which  produces  it. 

This  is  the  circumstance  of  Us  constitution,  which  we 
now  proceed  to  examine ;  and  it  is  evidently  a  vary  im- 
portant circumstance.  We  have  long  ago  observed,  that 
the  great  compressibility  and  permanent  fluidity  of  air,  ob- 
served in  a  vast  variety  of  phenomena,  is  totally  inexpb> 
ceble,  od  the  supposition  that  the  particles  of  air  are  like 
so  many  balls  of  sponge  or  so  many  font-balls.  Give  to 
those  what  oompresfiibiljty  you  please,  tasaaanj  air  could 
no  more  be  fluid  than  a  mass  of  day ;  it  oould  so  mare  be 
fluid  than  a  mass  of  auoh  balls  pressed  into  a  box.  It  caa 
be  demonstrated  (and  indeed  hardly  needs  a  deMonstration), 
that  before  a  parcel  of  such  balls,  just  touching  each  other, 
can  be  aqueeaed  into  half  their  presenfc  dimensions,  their 
globular  shape  will  be  entirely  gone,  and  each  will  hare 
become  a  perfect  cube,  touching  aix  other  cubes  with  its 
whole  surface ;  sod  these  cubes  will  be  strongly  compressed 
together,  so  that  motion  could  never  be  performed  through 
among  them  by  any  solid  body  without  a  very  great  force. 
Whereas  we  know  that  in  this  state  air  is  just  as  permeable 
to  every  body  as  the  common  air  that  we  breathe.  There 
ii  no  way  .in  which  we  can  represent  this  fluidity  to  oar 
imagination  but  by  conceiving  air  to  consist  of  particles, 
not  only  discrete,  but  distant  from  each  other,  and  actuated 
by  repulsive  forces,  or  something  analogous  to  them.  It 
is  an  idle  subterfuge,  to  which  some  naturalist*  have  re- 
course, saying,  that  they  are  kept  asunder  hy  an  intervening 
ether,  or  elastic  fluid  of  any  other  name.  This  is  only  re- 
moving the  difficulty  a  step  farther  off;  for  the  elasticity 
of  this  fluidity  requires  the  same  explanation ;  and  there- 
fore it  is  necessary,  in  obedience  to  the  rules  of.  just  rea- 
■oning,  to  begin  the  inquiry  here ;  that  is,  to  determine 
from  the  phenomena  what  is  the  analogy  between  the  dis- 
tances of  the  particles  and  the  repulsive  forces  exerted  at 
these  distances,  proceeding  in  the  nine  way  as  in  the  exa> 
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nintfjen  of  planetary  gravitation.  We  shall  learn  the 
analog;  by  attending  to  the  analogy  between  the  eon* 
presaing  fone  and  the  density , 

For  the-  density  depends  W  the  distance  between  the 
particle* ;  the  nearer  they  are  to  each  other,  the  denier  is 
the  air.  Suppose  a  square  pipe  one  inch  wide  and  eight 
inches  long,  abut  at  one  end,  and  filled  with  common  air ; 
then  suppose  a  plug  so  nicely  fitted  to  this  pipe  that  no  air 
can  past  by  itt  sides  I  suppose  this  piston  thrust  down  to 
within  an  inch  of  the  bottom ;  It  is  evident  that  the  air 
which  formerly  filled  the  whole  pipe  now  occupied  the  space 
of  one  cubic  inch,  which  contains  the  same  number  of  par- 
tides  as  were  formerly  diffused  over  eight  cubic  inches. 

The  condensation  would  have  been  the  same  if  the  air' 
which  fibs  a  cube  whose  aide  is  two  inches  had  men 
squeezed  into  a  cube  of  one  inch,  for  the  cube  of  two  inches 
also  contains  eight  inches.  Now,  in  this  case  it  is  evident 
that  the  distance  between  the  particles  would  be  reduced  to 
its  half  in  every  direction.  In  like  manner,  if  a  cube  whose- 
•ida  is  three  inches,  and  which  therefore  contains  87  inches, 
be  squeezed  into  one  inch,  the  distance  of  the  particles  will 
be  one  third  of  what  it  was :  in  general  the  distance  of  the 
particles  will  be  as  the  cube-root  of  the  space  into  which 
they  are  compressed.  If  the  space  be  i,  iV>  *t>  ihs>  Btc. 
of  its  former  dimensions,  the  distance  of  the  particles  will 
be  £,  i,  i,  ? .  &c  Now  the  term  density,  in  its  strict  sense, 
expresses  the  vicinity  of  the  particles ;  denti  arbores  are 
trees  growing  near  each  other.  The  measure  of  this  vici- 
nity therefore  is  the  true  measure  of  the  density ;  and  when 
87  inches  of  air  are  compressed  into  one,  we  should  say 
that  it  is  three  times  as  dense ;  but  we  say,  that  it  is  27 
times  denser. 

Density  is  therefore  used  in  a  sense  different  from  its 
strictest  acceptation :  it  expresses  the  comparative  number 
of  equidistant  particles  contained  in  the  same  bulk.  This 
ii  also  abundantly  precise,  when  we  compare  bodies  of  the 
same  kind,  differing  in  density  only ;  but  we  also  say,  that 
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gold  is  19  times  denser  than  water,  because  the  same  bulk 
of  it  is  19  times  heavier.  This  assertion  proceeds  on  the 
assumption,  or  the  fact,  that  every  ultimate  atom  of  ter- 
restrial matter  is  equally  heavy ;  a  particle  of  gold  may 
contain  more  or  fewer  atoms  of  matter  than  a  particle  of 
water.  In  such  a  case,  therefore,  the  term  density  has 
little  or  no  reference  to  the  vicinity  of  the  particles ;  and  is 
only  a  term  of  comparison  of  other  qualities  or  accidents. 

But  when  we  speak  of  the  respective  densities  of  the 
name  substance  in  its  different  states  of  compression,  the 
■won!  density  is  strictly  connected  with  vicinity -of  particles, 
and  we  may  safely  take  either  of  the  measures.  We  ahatt 
abide  by  the  common  acceptation,  and  call  that  air  eight 
times  as  dense  which  has  eight  times  as  many  particles  in 
the  same  bulk,  although  the  particles  are  only  twice  as  near 
to  each  other. 

Thus  then  we  see,  that  by  observing  the  analogy  be- 
tween the  compressing  force  and  the  density,  we  shall  dis- 
cover the  analogy  between  the  compressing  force  and  the 
distance  of  the  particles.  Now  the  force  which  is  necessary 
for  compressing  two  particles  of  air  to  a  certain  vicinity  is 
•  proper  measure  of  the  elasticity  of  the  particles  corre- 
sponding to  that-  vicinity  or  distance;  for  it  balances  it, 
and  forces  which  balance  must  be  esteemed  equal.  Elas-  - 
ticity  is  a  distinctive  name  for  that  corpuscular  force  which 
keeps  the  particles  at  that  distance ;  therefore  observations 
made  on  the  analogy  between  the  compressing  force  and 
the  density  of  air  will  give  us  the  law  of  its  corpuscular 
force,  in  the  same  way  that  observations  on  the  simulta- 
neous deflections  of  the  planets  towards  the  sun  give  us  the 
law  of  celestial  gravitation. 

But  the  sensible  compressing  forces  which  we  are  able  to 
apply  is  at  once  exerted  on  unknown  thousands  of  particles, 
while  it  is  the  law  of  action  of  a  single  particle  that  we 
want  to  discover.  We  must  therefore  know  ihe  proportion 
of  the  numbers  of  particles  on  winch  the  compressing  force 
is  exerted.     It  is  easy  to  see,  that  since  the.  distance  of  the 
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■particles  is  u  the  cube  root  of  the  density  inversely,  the 
number  of  particles  in  physical  contact  with  the  compress- 
ing surface  must  be  as  the  square  of  this  root.  Thus  when 
a  cube  of  eight  inches  is  compressed  into  one  inch,  and 
die  particles  are  twice  as  near  each  other  as  they  were  be- 
fore, there  must  be  four  times  the  number  of  particles  in 
contact  with  each  of  the  sides  of  this  cubical  inch ;  or,  when 
■we  have  pushed  down  the  square  piston  of  the  pine  spoken 
of  above  to  within  an  inch  of  the  bottom,  there  will  be  four 
times  the  number  of  particles  immediately  contiguous  to 
the  piston,  and  resisting  the  compression ;  and  in  order  to 
obtain  the  force  really  exerted  on  one  particle,  and  the  elas- 
ticity of  that  particle,  we  must  divide  the  whole  compress- 
ing force  by  4.  In  like  manner,  if  we  hare  compressed 
air  into  B'T  of  its  former  bulk,  and  brought  the  particles  to 
£  of  their  former  distance,  we  must  divide  the  compressing 

force  by  9.     In  general,  if  d  express  the  density,  z-j= 

will  express  the  distance  m  of  the  particles ;  *V  d,   or  <P, 

will  express  the  vicinity  or  real  density ;  and  cP  will  ex- 
press the  number  of  particles  acting  on  the  compressing 
surface:  and  if  f  express  the  accumulated  external  com- 

f 
pressing  force,  ~  will  express  the  force  acting  ou  one  par- 

tide ;  and  therefore  the  elasticity  of  that  particle  corre- 
sponding to  the  distance  x. 

We  may  now  proceed  to  consider  the  experiments  by 
which  the  law  of  compression  is  to  be  established. 

The  first  experiments  to  this  purpose  were  those  made 
by  Mr  Boyle,  published  in  1661,  in  his  Dtfenno  Doctrince 
de  Aeria  Elatere  contra  Linum,  and  exhibited  before  the 
Royal  Society  the  year  before.  '  Mariotte  made  experiments 
of  the  same  kind,  which  were  published  in  1676,  in  his 
Esjtais  ur  la  Nature  de  fMr  and  Traiti  des  Mouvemene  de* 
Eaux.   The  most  copious  experiments  are  those  by  Sulzer 
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(Mem.  Btrim,  a.),'  those  by  FonUna.  (C^swc  Pifftieo- 
Jkf«*.),  and  those  by  Shuckburgb  and  Gen.  R07. 

In  order  to  examine  the  compressibility  of  air  that  it 
not  ram  than  the  atmosphere  at  the  surface  of  the  earth, 
we  employ  ft  bent  tube  or  cyphon  ABCD  (Fig.  66.).  her- 
metically seined  at  A  and  open  at  D.  The  short  leg  AB 
mutt  be  very  accurately  divided  in  the  proportion  of  it* 
■olid  content*,  and  fitted  with  a  scale  whose  uniU  denote 
equal  increments,  not  of  length,  but  of  capacity.  There 
are  various  ways  of  doing  tbi*  j  but  it  require*  the  most 
acrupulou*  attention,  and  without  this  the  experiment*  are 
of  no  value.  In  particular,  the  arched  form  at  A  must  be 
noticed.  A  small  quantity  of  mercury  must  then  be  pour- 
ed into  the  tube,  and  passed  backwards  and  forward*  till  it 
stands  (the  tube  being  held  in  a  vertical  position)  on  • 
level  at  B  and  C.  Then  we  are  certain  that  the  included 
air  is  of  the  same  density  with  that  of  the  contiguous  at- 
mosphere. Mercury  is  now  poured  into  the  leg  DC, 
which  will  fill  it,  suppose  to  6,  and  will  compress  the  air 
into  a  smaller  space  AE.  Draw  the  horizontal  line  EF ; 
the  new  bulk  of  the  compressed  air  is  evidently  AE,  mea- 
sured by  the  adjacent  scale,  and  the  addition  made  to  the 
compressing  force  of  the  atmosphere  is  the  weight  of  the 
column  GF.  Produce  GF  downwards  to  H,  till  FH  is 
equal  to  the  height  shown  by  a  Toricellian  tube  filled  with 
the  same  mercury ;  then  the  whole  compressing  force  is 
HG.  This  is  evidently  the  measure  of  the  elasticity  of  the 
compressed  air  in  AE,  for  it  balances  it  Now  pour  m 
more  mercury,  and  let  it  rise  to  g,  compressing  the  air 
into  A  e.  Draw  the  horizontal  line  ef,  and  maltefh  equal 
to  FH ;  then  A  e  will  be  the  new  bulk  of  the  compressed 

air,  — —  will  be  its  new  density,  and  hg  will  be  the  mea- 
sure of  the  new  elasticity.  This  operation  may  be  extend- 
ed as  far  as  we  please,  by  lengthening  the  tube  CD,  and 
taking  care  that  it  be  strong  enough  to  resist  the  great 
pressure.    Great  care  must  be  taken  to  keep  the  whole 
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>»  a  constant  Umpemtui'e,  because  the  elasticity  of  air  is 
greatly  affected  by  heat,  and  the  change  by  any  increase  of 
temperature  is  different  according-  to  its  density  or  com- 


Tbe  experiments  of  Boyle,  Mariotte,  An— in—,  and 
others,  were  not  extended  to  very  great  comprannionii,  the 
density  of  tbe  air  not  baring  been  quadrupled  in  any  of 
them;  nor  do  they  teem  to  have  been  made  with  very 
gseat  nicety.  It  may.  be  ooUtoted  from  then  in  general, 
that  the  elasticity  of  tbe  air  ia  vary/  nearly  proportioned  to 
it*  density  |  and  accordingly  tins  law  was  almost  unmedb- 
ately  acquiesced in,  and  was  called  the  Boolean  ion .■  His 
accordingly  assumed  by  almost  all  writers  on  tbe  subject 
m  exact.  Of  late  yeara,  however,  there  occurred  questions 
in  which  it  was  of  importance  that  this  point  should  be  more 
scrupulously  settled,  and  the  former  experiments  were  re- 
peated and  extended,  Suker  and  Fontana  have  carried 
them  farther  than  any  other.  Sulser  compressed  air  into 
£  of  its  former  dimensions. 

Considerable  varieties  and  irregularities  are  to  be  ob- 
served in  these  experiments.  It  is  extremely  difficult  to 
preserve  the  temperature  of  the  apparatus,  particularly  of 
the  leg  AB,  which  is  most  handled.  A  great  quantity  of 
mercury  must  be  employed ;  and  it  does  not  appear  that 
philosophers  hove  been  careful  to  have  it  precisely  similar 
to  that  m  the  barometer,  which  gives  us  the  unit  of  com- 
pressing force,  and  of  elasticity.  The  mercury  in  the 
barometer  should  be  pure  and  boiled.  If  the  mercury  in 
the  syphon  is  adulterated  with  bismuth  and  tin,  which 
it  commonly  is  to  a  considerable  degree,  the  compress* 
ing  force,  and  consequently  the  elasticity,  will  appear 
greater  than  the  truth.  If  the  barometer  has  not  been 
nicely  fitted,  it  will  be  lower  than  it  should  be,  and  the 
compressing  force  will  appear  too  great,  because  the  unit 
is  too  small ;  and.  this  error  will  be  most  remarkable  in  the 
smaller  o 
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The  greatest  source  of  error  and  irregularity  in  the  ex- 
periments is  the  very  heterogeneous  nature  of  the  air  it- 
self. Air  is  a  solvent  of  all  fluids,  all  vapours,  and  per- 
haps of  many  solid  bodies.  It  is  highly  improbable  that 
the  different  compounds  shall  have  the  same  elasticity,  or 
even  the  same  law  of  elasticity  i  and  it  is  well  known,  that 
air,  loaded  with  water  or  other  volatile  bodies,  is  much 
more  expansible  by  heat  than  pare  air ;  nay,  it  would  ap- 
pear from  many  experiments,  that  certain  determinate 
changes  both  of  density  and  of  temperature,  cause  air  to 
let  go  the  vapours  which  it  holds  in  solution.  Cold  causes 
it  to  precipitate  water,  as  appears  in  dew ;  so  does  rarefac- 
tion, as  is  seen  in  the  receiver  of  an  air-pump. 
-  In  general,  it 'appears  that  the  elasticity  of  air  does  not 
increase  quite  so  fast  as  its  density.  This  will  be  best  seen 
by  the  following  tables,  calculated  from  the  experiments  of 
M.  Sulzer.  The  column  E  in  each  set  of  experiments  ex- 
presses the  length  of  the  column  GH,  the  unit  being  FH, 
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while  the  column  D  expresses  ■ -=. 
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There  appears  in  these  experiment*  sufficient  grounds 
for  calling  in  question  the  Boylean  lav ;  and  the  writer  of 
this  article  thought  it  incumbent  cm  him  to  repeat  them 
with  some  precautions,  which  probably  had  not  been  at- 
tended to  by  Mr  Sufaer.  He  was  particularly  anxious  to 
have  the  air  as  free  as  possible  from  moisture.  For  this 
purpose,  having  detached  the  short  leg  of  the  syphon, 
which  was  84  inches  long,  he  boiled  mercury  in  it,  and  fill- 
ed it  with  mercury  boiling  hot.  He  took  a  yuplate  vessel 
of  sufficient  capacity,  and  put  into  it  a  quantity  of  powder- 
ed quicklime  just  taken  from  the  kiln ;  and  having  dosed 
the  mouth,  he  agitated  the  lime  through  the  air  in  the  ves- 
sel, and  allowed  it  to  remain  there  all  night.  He  then 
emptied  the  mercury  out  of  the  syphon  into  this  vessel, 
keeping  the  open  end  far  within  it  By  this  means  the 
short  leg  of  the  syphon  was  filled  with'  very  dry  air.  The 
other  part  was  now  joined,  and  boiled  mercury  put  into  the 
bend  of  the  syphon ;  and  the  experiment  was  then  prose- 
cuted with  mercury  which  had*  been  recently  boiled,  and 
was  the  same  with  which  the  barometer  bad  been  carefully 
filled. 

The  results  of  the  experiments  are  expressed  in  the  fol- 
io wing  table. 
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1,845 
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Here  it  appears  again  in  the  clearest  manner,  that  the  elas- 
ticities do  not  inw««4>  as  fast  aa  the  densities,  and  the  dif- 
ferences are  even  greater  than  in  Mr  Sutler's  experiments, 
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TIM-  second  table  contains  the  results  of  experiments 
nude  on  very  damp  air  in  a  warm  summer's  morning.  In 
tltese  it  appears  that  the  elasticities  are  almost  precisely  pro- 
portional to  the  densities  +  a  small  constant  quantity,  near- 
ly 0,11  deviating  from  this  rule  chiefly  between  the  densi- 
ties I  and  1,5,  within  which  limitt  we  have  very  nearly 
D  =  £  umi.  As  this  air  is  Dearer  to  the  constitution  of 
atmospheric  air  than  the  former,  this  rule  may  be  safely 
followed  in  cases  where  atmospheric  air  is  concerned,  as  in 
measuring  the  depths  of  pits  by  the  barometer. 

The  third  table  shows  the  compression  and  elasticity  of 
ah*  strongly  impregnated  with  the  vapours  of  camphire. 
Here  the  Boylean  law  appears  pretty  exact,  or  rather  the 
elasticity  seems  to  increase  a  little  faster  than  the  density. 

Or  Hooke  examined  the  compression  of  atr  by  immers- 
ing a  bottle  to  great  depths  in  the  sea,  and  weighing  the 
water  which  got  into  it  without  any  escape  of  air.  Bnt  this 
method  was  liable  to  great  uncertainty,  on  account  of  the 
unknown  temperature  of  the  sea  at  great  depths. 

Hitherto  we  have  considered  only  such  air  as  is  not  rarer 
than  what  we  breathe ;  we  must  take  a  very  different  me- 
thod for  examining  the  elasticity  of  rarefied  air. 

Let  g  h  (Fig.  67.)  be  a  long  tube,  formed  a-top  into  a 
cup,  and  of  sufficient  diameter  to  receive  another  smaller 
tube  af,  open  at  first  at  both  ends.  Let  the  outer  tube  and 
cup  be  filled  with  mercury,  which  will  rise  in  the  inner 
tube  to  the  same  level.  Let  af  now  be  stopped  at  a.  It 
contains  air  of  the  same  density  and  elasticity  with  the  ad- 
joining atmosphere.  Note  exactly  the  space  a  b  which  it 
occupies.  Draw  it  up  into  the  position  of  Fig.  68.  and  let 
the  mercury  stand  in  it  at  the  height  de,  while  c  e  is  the 
height  of  the  mercury  in  the  barometer.  It  is  evident  that 
the  column  de  is  in  equilibrio  between  the  pressure  of  the 
atmosphere  and  the  elasticity  of  the  air  included  tn  the 
space  a  d.  And  since  the  weight  of  c  e  would  be  in  equi- 
librio with  the  whole  pressure  of  the  atmosphere,  the  weight 
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of  cd  u  equivalent  to  the  elasticity  of  the  included  air. 
White  therefore  c  e  is  the  measure  of  the  elasticity  of  the 
BurrouadiDg  atmosphere,  c  d  will  be  the  measure  of  the 
elasticity  of  the  included  air;  and  since  the  air  originally 
occupied  the  space  a  4,  and  has  nor  expanded  into  a  d, 

we  have  -—*  for  the  measure  of  its  density.     N.B.  ce  and 
ad 

c  d  are  measured  by  the  perpendicular  heights  of  the  oo. 

(iimns,  but  a  b  and  a  d  must  be  measured  by  their  wii 

capacities. 

By  raising  the  inner  tube  still  higher,  the  mercury  will 

also  rise  higher,  and  the  included  air  will  expand  still  far* 

«h«,  «,d  -.  **  _*..<,  «J  -A.  '4;  _d  in 

ad 

this  manner  the  relation  between  the  density  and  elasticity 
of  rarefied  air  may  be  discovered. 

This  examination  may  be  managed  more  easily  by  meant 
of  the  air-pump.  Suppose  a  tube  ae  (Fig.  09.)  contain* 
tog  a  small  quantity  of  air  a  6,  set  up  in  a  cistern  of  mer- 
cury, which  is  supported  in  die  tube  at  the  height  t  b,  and 
let  ec  be  the  height  of  the  mercury  hi  the  barometer.  Let 
this  apparatus  be  set  under  a  tubulated  receiver  on  the 
pump-plate,  and  let  gu  be  the  pump-gage,  and  nn  be 
made  equal  to  c  e. 

Then,  as  baa  been  already  shewn,  c  b  is  the  measure  of 
the  elasticity  of  the  air  in  a  b,  corresponding  to  the  bulk 
a  o.  Now  let  some  air  be  abstracted  from  the  receiver. 
The  elasticity  of  the  remainder  will  be  diminished  by  its 
expansion ;  and  therefore  the  mercury  in  the  tube  a  e  will 
descend  to  some  point  d.  For  the  same  reason,  the  mar* 
eury  in  the  gage  will  rise  to  some  point  o,  and  m  o  will 
express  the  elasticity  of  the  air  in  the  receiver.  This  would 
support  the  mercury  in  the  tube  ae  the  height  er,  if  the 
space  ar  were  entirely  void  of  air.  Therefore  r  d  is  the< 
effect  and  measure  of  the  elasticity  of  the  included  air  whan 
it  has  expended  to  the  bulk  ad;  and  thus  its  elasticity, 
7 
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under  a  variety  of  other  bulks,  may  be  compared,  with  Its 
elasticity  when  of  the  bulk  a  b.  When  the  air  baa  been  ta 
far  abstracted  from  the  receiver  that  the  mercury  ia  at 
descends  to  e,  then  m  o  will  be  the  precise  measure  of  its 
elasticity. 

In  all  these  cases  it  is  necessary  to  compare  its  bulk  a  6 
with  its  natural  bulk,  in  which  its  elasticity  balances  the 
pressure  of  the  atmosphere.  This  may  be  done  by  laying 
the  tube  ae  horizontally,  and  .then  the  air  will  collapse 
into  ita  ordinary  bulk. 

Another  easy  method  may  bo  taken  for  this  examina- 
tion. Let  an  apparatus  abode  J"  (Fig.  70.)  be  made, 
consisting  of  a  horizontal  tube  a  £  of  even  bore,  a  ball 
dgeoi  a  large  diameter,  and  a  swan-neck  tube  hf.  Let 
the  ball  and  part  of  the  tube  g  e  b  be  filled  with  mercury, 
so  that  the  tube  may  be  in  the  same  horizontal  plane  with 
the  surface  de  of  the  mercury  in  the  ball.  Then  seal  up 
the  end  a,  and  connect  f  with  an  air-pump.  When  the 
air  is  abstracted  from  the  surface  d  e,  the  air  in  a  b  will  ex- 
pand into  a  larger  bulk  a  c,  and  the  mercury  in  the  pump- 
gage  will  rise  to  some  distance  below  the  barometric  height. 
It  is  evident  that  this  distance,  without  any  farther  calcu- 
lation, will  be  the  measure  'of  the  elasticity  of  the  air  press- 
ing  on  the  surface  d  e,  and  therefore  of  the  air  in  a  c. 

The  Thcst  exact  of  all  methods  is  to  suspend  in  the  re- 
ceiver of  an  air-pump*  glass  vessel,  having  a  very  narrow 
mouth  over  n  cistern  of  mercury,'  and  then  abstract  the  air 
till  the  gage  rises  to  some  determined  height.  The  differ- 
ence e  between  this  height  and  the  barometric  height  de- 
termines the  elasticity  of  the  air  in  the  receiver  and  in  the 
suspended  vessel.  Now  lower  down  that  vessel  by  the  slip. 
wire  till  its  mouth  is  immersed  into  the  mercury,  and  ad- 
mit the  air  into  the  receiver ;  it  will  press  the  mercury  into 
the  little  vessel.  Lower  it  still  farther  down,  till  the  mer- 
cury within  it  is  level  with  that  without ;  then  stop  its 
mouth,  take  it  out  and  weigh  the  mercury,  and  let  its 
5 


weight  b*  »  Subtract  this  weight  from  the  might  v  of 
the  mercury,  which  would  completely  fill  the  whole  vessel; 
then  the  natural  bulk  of  the  air  will  be  v  —  a,  while  iu 
bulk,  when  of  the  elasticity  *  in  the  rarefied  receiver,  was 
the  bulk  or  capacity  w  of  the  vessel.     Its  density,  there* 

fore,  corresponding  to  this  elasticity  e,  was And 

thus  may  the  relation  between  the  density  and  elasticity 
ia  all  cases  be  obtained. 

A  great  variety  of  experiments  to  this  purpose  have 
been  made,  with  different  degrees  of  attention,  according 
to  the  interest  which  the  pbilosopaem  had  in  the  result 
Those  made  by  De  Luc,  General  Boy,  Trembler,  and 
Shuckburgh,  are  by  far  the  most  accurate ;  but  they  are 
all  confined  to  very  moderate  rarefactions.  The  general 
result  has  been,  that  the  elasticity  of  rarefied  air  is  very 
nearly  proportional  to  its  density.  We  cannot  say  with 
confidence  that  any  regular  deviation  from  this  law  has 
been  observed,  there  being  at  many  observations  on  one 
side  won  the  other)  but  we  think  that  k  ia  net  unworthy 
the  attention  of  philosophers  to  determine  it  with  precision 
in  the  eases,  of  exBKtae  rarefaction,  where  the  irregularities 
are  moat  remarkable.  The  greet  aoutee  of  error  la  a  cer- 
tain adhesive  aluggiehnetis  of  the  mercury  when  the  impel- 
ling foveas  are  very  snail;  and  other  fluids  can  hardly  be 
wad,  because  they  either  smear  the  inside  of  the  tube  and 
cSaajniah  its  capacity,  or  they  are  converted  into  vapour, 
which  altera  the  law  of  elasticity. 

Let  us,  upon  the  whole,  assume  the  Boylean  law,  vix. 
thtf  the  elasticity  of  the  air  is  proportional  to  Us  density. 
The  law  deviates  not  in  any  sensible  degree  fooro  the  truth 
in  those  cases  which  an  of  the  greatest  practical  import- 
ance, that  is,  when  the  density  does  not  much  exceed  or  tall 
short  of  that  of  ordinary  air. 

Let  us  now  see  what  information  this  gives  us  with  re- 
spect tat  the  action  of  the  particles  on  each  other. 
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The  mveetigation  u  extremely  easy.  We  have  teen 
that  a  force  eight  times  greater  than  the  pressure  of  the 
atmosphere  will  compress  common  air  into  the  eighth  pert 
of  its  common  bulk,  and  give  it  eight  times  its  common 
density :  and  in  this  case  we  know,  that  the  particles  are 
at  half  their  former  distance,  and  that  the  number  which 
are  now  acting  on  the  surface  of  the  piston  employed  to 
compress  them  is  quadruple  of  the  number  which  act  on  it 
when  it  is  of  the  common  density.  Therefore,  when  this 
eightfold  compressing  force  is  distributed  over  a  fourfold 
number  of  particles,  the  portion  of  it"  which  acts  on  each  is 
double;  In  like  manner,  when  a  compressing  force  27  » 
employed,  the  air  is  compressed  into  ^  of  its  former  bulk, 
the  particles  ore  at  £  of  their  former  distance,  and  the  force 
is  distributed  among  9  times  the  number  of  particles ;  the 

force  on  each  is  therefore  8.  In  short,  let  -  be  the  dis- 
tance of  the  particles,  the  number  of  them  in  any  given 
vessel,  and  therefore  the  density  will  be  as  x*,  and  the 
number  pressing  by  their  elasticity  on  Us  whole  internal  sur- 
face will  be  as  a?.  Experiment  shows,  that  the  compressing 
force  is  as  «*,  which  being  distributed  over  the  number  u 
ar\  will  give  the  force  on  each  as  *.  Now  this  force  is  in 
immediate  equilibrium  with  the  elasticity  of  the  particle 
immediately  contiguous  to  the  compressing  surface.  This 
elasticity  is  therefore  as  x .-  and  it  follows  from  the  nature 
of  perfect  fluidity,  that  the  particle  adjoining  to  the  com- 
pressing' surface  presses  with  an  equal  force  on  its  adjoin- 
ing particles  on  every  side.  Hence  we  must  conclude,  that 
the  corpuscular  repulsions  exerted  by  the  adjoining  par- 
ticles are  inversely  as  their  distances  from  each  other,  or 
that  the  adjoining  particles  tend  to  recede  from  each  other 
with  forces  inversely  proportional  to  their  distances-    ■ 

Sir  Isaac  Newton  was  the  first  who  reasoned  in  this  man- 
ner from  the  phenomena.  Indeed  he  was  the  first  who 
had  the  patience  to  reflect  on  the  phenomena  with  any  pre- 
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enuon:  Hb  discoveries  in'  gravitation  naturally  gave  his 
thoughts  Una  turn,  and  he  very  early  hinted  his  suspicious 
that  all  the  ohamteristic  phenomena  of  tangible  matter 
were  produced  by  forces  which  were  exerted  by  the  parti- 
cfea  at  email  and  insensible  distances.  And  he  considers 
the  phenomena  of  air  as  affording  an  excellent  example  of 
this  investigation,  and  deduces  from  them  die  law  which 
we  hare  now  demonstrated ;  and  says,  that  ah-  consists  of 
particles  which  -avoid  the  adjoining  particles  with  farces 
inversely  proportional  to  their  distances  from  each,  other. 
From  this  he  deduces  (in  the  2d  book  of  bis  Principles) 
several  beautiful  propositions,  determining  the  mechanical 
enstitution  of  the  atmosphere. 

Bat  it  must  be  noticed  that  be,  limits  this  action  to  the- 
adjoining  particles :  and  this  is  a  remark  of  immense  con- 
sequence, though  not  attended  to  by  the  numerous  experi- 
menters who  adopt  the  law. 

It  is  plain  that  the  particles  are  supposed  to  act  at  a 
distance,  and  that  this  distance  is  variable,  and  that  the 
forces  diminish  as  the  distances  increase.  A  very  ordinary 
air-pump  will  rarefy  the  air  125  times.  The  distance  of 
the  particles  is  now  five  times  greater  than  before;  and  yet 
they  still  repel  each  other :  for  air  of  this  density  will  still 
support  the  mercury  in  a  syphon-gage  at  the  height  of 

0,24,  or  -j-  of  an  inch ;  and  a  better  pump  will  allow  this 

air  to  expand  twice  as  much,  and  stilt  leave  it  elastic. 
Thus  we  see  that  whatever  is  the  distance  of  the  particles 
of  common  air,  they  can  act  five  times  farther  off.  The 
question  comes  now  to  be,  Whether  in  the  state  of  common 
air,  they  really  do  act  five  times  farther  than  the  distance 
of  the  adjoining  particles  P  While  the  particle  a  acts  on  the 
particle  ft  with  the  force  5,  does  it  also  act  on  the  particle 
c  wins  the  farce  2,5,  on  the  particle  d  with  the  force  1,667, 
on  the  particle  e  with  the  force  1,25,  on  the  particle./  with 
the  fort*  1,  on  the  particle  g  with  the  force  0,8383,  &c  P 
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Sir  Isaac.  Newton  thorn  in  the  plai&QM  manner,  tha*  kbit 
is  by  w  weans  the  case;  forif  tbjswwe  the  c«m»1hmm1w 
it  appear  that  the  sensible  pheoooHR*  «f  wvfaaftim 
would  Ik  totally  different  from  what  t«  observe.  The 
forte  necessary  for  a  quadruple  condensation,  would,  fee 
fight  tunc*  greater,  and  for  a  iKMnpie  ntmdnmtiffH  the 
force  must  bo  »7  times  greater.  Two  sphere*.  Won  *i* 
coukuaed  air  mutt  repel  each  other,  and  two  sphere*  cqj»- 
tuning  «ir  that  ia  rarer  than  the  surrounding  nit  must  at- 
tract each  other,  no.  he.  Ail  this  will  appear  very  oleady, 
by  applying  to  air  the  wagoning  which  Sir  Isaac  Newtoo 
has  employed  in  deduciug  the  senwbla  law  cat  mutual  ten- 
dency of  two  spheres,  which  oonust  of  particles  attracting 
•soli  other  with  forces  proportional  to  the  square  of  the 
distance  inversely. 

If  we  could  suppose  that  the  particles  of  air  resNued 
each  other  with  invariable  forces,  at  all  distances  within 
•dim  small  and  insensible  limit,  this  would  produce  a  com- 
pngsobujty  and  elasticity  similar  to  what  we  observe.  Vm 
if  we  consider  a  row  of  particles,  within  this  twit,  •»  QVtv 
■reawd  by  an.  external  force  applied  to  the  two  extremi- 
ties, the  action  of  the  whole  row  on  the  extreme  pewta 
would  be  proportional  to  the  number  of  particles,  that  it, 
to  their  distance  inversely  and  to  their  density :  and  a 
number  of  such  parcels,  ranged  in  a  straight  one,  would 
constitute  a  row  of  any  sensible  magnitude  baying  the 
same  law  of  compression.  But  this  law  of  eorpuscular 
force  is  unnke  every  thing  we  observe  in  nature,  and  to 
the  last  degree  improbable. 

We  most  therefore  continue  the  limitation  of  this,  mutual 
repulsion  of  the  particles  of  air,  and  be  contented  for  the 
present  with  having  established  it,  afcaa-  experimental  foot, 
that  the  adjoining  particle*  of  air  are  kept  asunder  by 
forces  inversely  proportional  to  their  distances ;  or  perhaps 
it  is  better  to  abide  by  the  sensible  law,  that  tfu  dmsty  0/ 
ahr  it  proportional  to  ike  eamprettmgjbtot.    This  law  b 
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jsheridinena,  and  for  giving  us  i  courpkfce  ln»wleflg*  of  the 
fMNMridsal  ostiatitutjuu  of  bur  BtUdtJAflMi 

Asdt  ib  thejtnt  pl*ee,  this  view  of  the  coNpnatfbiHcy 
rf  the  utr  MhMt  give  us  a  very  dttferent  notion  of  the  height 
of  the  atmosphere  from  what  we  deduced  on  a  former  as. 
caston  from  Oar  experiments.  It  -is  found,  that  when  the 
A  »  of  the  tataperafrft)  S&  of  Pjfawdait'a  themtometaf, 
toad  the  Mercury  in  (he  baiuiBt-ttff  stands  at  Winches,  it 
wiU'flessead'oni  Ml ii  of  fan  inch  if  we  take  it  to  a  phw* 
tWfcet  higher.  Therefore,  if  the  nr  were  ■equally  dead* 
and  heavy  titfooghout,  the  height  of  the  etrtwptwre  would 
k*»xl»x8?ie«*,  «  flWemuaaaad  100  yards.  Bat 
the  lone  rauMkig  adduced  on  that  occasion  -was  enough 
to  show  m  that  k  must  he  much  higher;  because  •Wery 
strata*  a>  we  attend  must  be  raccesshreiy  rarer  as  it  m  lem 
■oajpriasefl  by  ittcuffibait  -wtght.  Not  knowing  to  what 
degree  air  expanded  when  the  compfeftsioa  was  Amihish- 
ed,  we  etndd  Hot  tell  the  successive  dfatoutions  of  density 
Ittd  consequent  augmentation  of  bulk  and  height;  «t 
could  only  toy,  that  several  sttaoBpherie  appe*ttsees  rath* 
ettted  a  much  greater  height  Clouds  have  been  seen  tout* 
higher ;  bat  the  phenomenon  of  the  twilight  is  the  tnoW 
©ontibcing  proof  of  Una.  There  is  no  doubt  that  the  *ri- 
IsbWty  of  the  sky  or  air  is  owing  to  its  want  of  perfect 
transparency,  each  particle  (whethet  of  matter  puffeiy  aerial 
of  heterogeneous)  reflecting  a  little  light. 

Let  o  (Fig.  71.)  be  the  last  particle  of  ilraminrted  air 
which  can  be  seen  in  the  horizon  by  a  spectator  at  A. 
This  must  be  Ruminated  by  a  ray  S  D  6,  touching  the 
earth's  surface  at  some  point  D.  Now  it  is  a  known  net* 
that  the  degree  of  illumination  called  treiHghi  is  perceived 
when  the  sun  is  18*  below  the  horizon  of  the  speewtor, 
that  is,  when  the  angle  E6S  or-ACD  is  -16  degreeti ; 
therefbre  ft  C  is  the  secant  of  nine  degrees;  (His  less,  vis. 
about  84  degrees,  on  account  of  refraction).     We  know 
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the  earth's  radius  to  be  about  3910  miles:  hence. we  can. 
dude  b  B  to  be  about  45  miles ;  nay,  a  very,  sensible  il- 
lumination is  perceptible  much  farther  from  the  sun's  place 
than  this,  perhaps  twice  as  far,  and  the  air  is  sufficiently 
dense  for  reflecting  a  sensible  light  at  the  height  of  nearly 
S00  miles. 

We  have  now  seen  that  air  is  prodigiously  expansible. 
None  of  our  experiments  have  distinctly  shows  us  any  fi- 
mit  But  it  does  not  follow  that  it '»  expansible  without 
and;  nor  is  this  at  all  likely.  It  w.mncti  more  probable 
that  there  is  a  certain  distance  of  the  parts,  in  which,  they 
ho  longer  repel  each  other ;  and  this  would  be  the  distance 
at-which  they  would  arrange  themselves  if  they  were  not 
heavy.  Bat  at  the  very  summit  of  the  at&aospbere  they 
will  be  a  very  small  matter  nearer  to  each  other,  on  account 
.  of  their  gravitation  to  the  earth.  Till  we  know  precisely 
the  law  of  this  mutual  repulsion,  we  cannot  say  what  is  the 
height  of  the  atmosphere. 

But  if  the  air  be  an  elastic  fluid  whose  density  is  always 
proportionable  to  the  compressing  force,  we  can  tell  what 
is  its  density  at  any  height  above  the  surface  of  the  earth : 
and  we  can  compare  the  density  so- calculated  with  the 
density  discovered  by  observation :  for  this  last  is  mea- 
sured by  the  height  at  which  it  supports  mercury  in  the 
barometer.  This  is  the  direct  measure  of  the  pressure  of 
the  external  air ;  and  as  we  know  the  law  of  gravitation, 
we  can  tell  what  would  be  the  pressure  of  air  having  the 
calculated  density  in  all  its  parts. 

Let  us  therefore  suppose  a  prismatic  or  cylindric  column 
of  air  reaching  to  the  top  of  the  atmosphere. ,  Let  this  be 
divided  into  an  indefinite  number  of  Btrata-of  very,  small 
anct  equal  depths  or  thickness ;  and  let  ue,  for  gssater  sim- 
plicity, suppose  at  first  that  a  particle  of  air  is  of  the  same 
weight  at  all  distances  from  the  centre  of  the,  earth. 
■  The  absolute  weight  of  any  one  of  these  strata  will  ou 
these  conditions  be  proportional  to  the  number  of  particles, 
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or  the  gravity  of  air  contained  in  it ;  and  since  the  depth 
of  each  stratum  is  the  same,  this  quantity  of  air  will  evi- 
dently be  as  the  density  of  the  stratum :  but  the  density 
of  any  stratum  is  as  the  compressing  force ;  that  in,  as  the 
pressure  of  the  strata  above  it ;  that  is,  as-  their  weight ; 
that  is,  as  their  quantity  of  matter— therefore  the  quantity 
of  air  in  each  stratum  is  proportional  to  the  quantity  of  air 
above  it ;  but  the  quantity  in  each  stratnm  is  the  differ- 
ence between  the  column  incumbent  on  its  bottom  and  on 
its  top:  these  differences  are  therefore  proportional  to  the 
quantities  of  which  they  are  the  differences.  But  when 
there  is  a  series  of  quantities  which  are  proportional  to 
their  own  differences,  both  the  quantities  and  their  differ- 
ences are  in  continual  or  geometrical  progression:  for  let 
u,  b,  c,  be  three  such  quantities  that 

'    6 :  c  =  a  —  b  :  b  —  c,  then,  by  altera. ' 

b:a~b  =  c  :    b—c  and  by  compos. 

4:  o  =  c      :       b 

and  a:         b=b  ■  c 

therefore  the  densities  of  these  strata  decrease  in  a  geome- 
trical progression ;  that  is,  when  the  elevations  above  the 
centre  or  surface  of  the  earth  increase,  or  their  depths 
under  the  top  of  the  atmosphere  decrease,  ih  an  arithme- 
tical progression,  the  densities  decrease  in  a  geometrical 
progression. 

Let  A  R  Q  (Fig.  78.)  represent  the  section  of  the  earth 
by  a  plane  through  its  centre  O,  and  let  m  O  A  M  be  a 
vertical,  line,  and  A  E  perpendicular  to  O  A  will  be  a  ho- 
rizontal line' through  A,  a  point  on  the  earth's  surface. 
Let  A  E  be  taken  to  represent  the  density  of  the  air  at  A  j 
and  let  D  H,  parallel  to  A  E,  be  taken  to  A  E  as  the  den- 
sity at  J>  iB  to  the  density  at  A:  it  is  evident,  that  if  a  lo- 
gistic or  logarithmic  curve  EHNbe  drawn,  having  A  N 
for  its  axis,  and  passing  through  the  points  E  and  H,  the 
density  of  the  air  at  any  other  point  C,  in  this  vertical  tine, 
will  be  represented  by  C  G,  the  ordinate  to  the  curve  in 
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that  point:  for  it  is  the  property  of  this mitre,  that  if  por- 
tions A  B,  A  C,  A  D,  of  its  axis  be  taken  in  arirtraebcfcl 
progression,  the  onfcnates  A  E,  B  F,  C  G,  D  H,  will  It*  in 


It  is  another  tundainental  property  of  this  curve,  that  if 
£  K  or  H  8  town  the  carve  in  E  or  H,  the  wettMftni 
AX  or  D  S  is  a  constant  quantity. 

And  a  third  faadaawntri  property  ■,  that  the  iatmjnalj 
extended  area  MAEN  ia  equal  to  the  rectangle  KAEL 
of  the  ordinate  and  mbtangent ;  and,  m  She  manner,  the 
area  MDHN  ia  equal  to  SDxDH,  or  toKAxDH; 
consequently  the  ares  lying  beyond  any  ordinate  ia  prepare 
ttonal  to  that  ordinate. 

These  geometrical  propertiea  of  this  wane  are  ail  sjaals- 
goui  to  the  chief  annnastanees  in  the  oomtitutioo  of  the 
atmosphere,  on  the  supposition  of  equal  gravity.  The 
area  MGGN  leptesenU  the  whale  quantity  of  aereai  mat- 
ter which  b  above  C :  for  CO  is  the  density  at  C,  and  CD 
ia  the  thickness  of  the  stratum  between  C  and  D ;  and 
therefore  CGHD  will  be  as  the  quantity  of  matter  or  sh- 
in it  (  and  in  like  manner  of  all  the  others,  and  of  tbeh- 
sama,  or  the  whole  area  MCGN :  and  as  each  ordinate  is 
proportional  to  the  area  above  it,  so  each  density,  and  the 
quantity  of  an- in  each  stratum,  is  proportional  to  the  qoan- 
tity  of  air  above  it:  and  as  the  whole  area  MAEN  is  eqosi 
to  the  rectangle  EAEL,  so  the  whole  air  of  variable  den- 
sity above  A  might  be  contained  in  a  column  KA,  if,  in- 
stead of  being  compressed  by  hs  own  weight,  it  were  with- 
out weight,  and  compressed  by  an  external  force  equal  to 
the  pressure  of  the  air  at  the  surface  of  the  earth.  In  this 
case,  it  would  be  of  the  uniform  density  AE,  which  it  has 
at  the  surface  of  the  earth,  making  what  we  have  repeat- 
edly called  the  homogeneous  atmosphere. 

Hence  we  derive  this  important  cnrumstance,  that  the 
height  of  the  homogeneous  atmosphere  is  the  subtangent 
of  that  curve  whose  ordinates  ore  as  the  densities  of  the 
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air  at  iifiiW  heights,  on  the  soppesitian of  tqU  alajflsvlty. 
This  carve  may  With  propriety  toe  catted  tbe  xts»9bhw» 
EH! Ai  LtwAKTrdHic  :  um!  as  the  different  logarithmic*  tar* 
•11  characterised  by  fluar  sabUaarenta,  it  b  «f  saipertaai em 
to  determine  this  «ki 

It  may  be  dene  by  compering  th*  densities  of  mercury 
and  sin  IW  ■  dokutu  of  ear  of  imifann  drdafcy,  reach* 
mg  to  the  top  of  tbe  honxjgeneoui  atnwspber*,  biaequi* 
Isbrio  wkh  die  inaroufy  in  tbe  barbrnetm  -Nowitbfouud 
by  the  best  experiments,  that  when  mercury  and  air  sm  vjf 
the  temperature  88"  of  Febrenbeft's  thermometer,  and  tbe 
barometer  stands  at  80  Snohes,  tbe  mercury  is  nearly  10440 
times  denser  than  air.  Therefore  the  height  of  the  homo- 
geneous atmosphere  n  10440  tin**  90  imses,  er  (MlOs) 
fi^w«700j4rd^cir4eWn»dloeto»OTHTeBail«6Wetaa^ 
lOOyarda. 

Or  it  easy  be  found  by  Observations  on  Che  barotneteh 
It  is  found,  that  when  the  mercury  and  air  are  of  the 
above  temperature)  and  the  barometer  on  the  SBa-share 
stands  at  30  inches,  if  we  catty  it  to  a  place  884  feet 
higher  it  will  fall  to  29  mehea.  Now,  in  all  logarithmic 
curves  having  equal  ordmates,  the  portion*  of  the  axis  in- 
tercepted between  the  corresponding  pairs  of  ordmates  are 
proportional  to  the  subtangents.  ibid  the  subtangents  of 
the  carve  belonging  to  oar  common  tsfafes  is  0,43489*6, 
and  the  difference  of  the  logarithms  of  90  and  £9  (winch 
is  tbe  portion  of  the  axis  intercepted  between  the  ordinate* 
SO  and  29),  or  0,0147283,  is  to  0,4**2945  as  888  is  to 
36058  feet,  or  8686  yards,  or  4343  -fathoms,  or  5  miles 
wanting  114  yards.  This  determination  is  14  yards  less 
than  the  other,  and  it  is  uncertain  which  is  the  most  ex- 
act It  is  extremely  difficult  to  measure  the  respective) 
deraities  of  mercury  and  air  ;  and  in  measuring  the  ekva- 
ooa  -which  produces  a  faH  of  one  men  m  the  barometer,  an 
error  of  fy  of  an  inch  would  produce  all  the  difference. 
We  prefer  the  last,  as  depending  on  fewer  circumstances. 
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But  all  this  investigation  proceeds  on  the  supposition  of 
equal  gravity,  whereas  we  know  that  the  weight  of  a  par- 
ticle of  air  decreases  as  the  square  of  its  distance  from  the 
centre  of  the  earth  increases.  In  order,  therefore,  that  'a 
superior  stratum  may  produce  an  equal  pressure  at  the 
surface  of  the  earth,  it"  must  be  denser,  because  a  particle 
of  it  gravitates  leas.  The  density,  therefore,  at  equal  ele- 
vations, must  be  greater  than  on  the  supposition  of  equal 
gravity,  and  the  law  of  diminution  of  density  must  be  dif- 
ferent. 

Make        OD:OA=OA:Od. 
OC:OA  =  OA:Oe; 
OB:OA  =  OA:06,&c 
so  that  Od,  Oc,Ob,  OA,  may  be  reciprocals  to  OD,  OC, 
OB,  OA ;  and  through  the  points  A,  b,  t:,  d,  draw  the 
perpendiculars  AE,  bf,  eg,  d  6,  making  them  proportion- 
al to  the  densities  in  A,  B,  C,  D :  and  let  us  suppose  CD 
to  be  exceedingly  small,  so  that  the  density  may  be  sup- 
posed uniform  through  the  whole  stratum.   Thus  we  hare 
ODxOd=OA*,=OCxOc 
and    Oc:Od  — OD:OC; 
and    Oc:Oc  — Od  =  OD:OD— OC, 

or    Oc:  cd  =  OD:DC; 
and     cd:CD  =  Oc:OD; 
or,  because  OC  and  OD  are  ultimately  in  the  ratio  of  equa- 
lity, we  have 

cd:  CD  =  Oc:OC  =  OA*:OC*, 

OA*  OA* 

and  cd*  =  CD  X  ^^,  and  cdxcg  =  CD xcgx  ^i 

OA* 
but  CD  xegX  j^j  is  as  the  pressure  at  C  arising  from 

the  absolute  weight  of  the  stratum  CD.  For  this  weight 
is  as  the  bulk,  as  the  density,  and  as  the  gravitation  of 
each  particle  jointly.    Now  CD  expresses  the  bulk,  eg  the 

OA* 

density,  and  tt^j-  the  gravitation  of  each  particle.    There- 
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fare,  cd  xcg  w  as  the  pressure  en  C  arising  from  the 
weight  of  the  stratum- DC;  but  cdycg  is  evidently  the 
element  of  the  curvilincal  area  Awn E,  formed  by  the 
curve  E/^*An  and  the  ordinates  AE,  bf,  eg,  ah,  Ac.  ran. 
Therefore  the  sum  of  all  the  elements,  such  as  cdhg,  that 
is,  the  area  cmng  below  cg>,  will  be  as  the  whole  pres- 
sure on  C}  arising  from  the  gravitation  of  all  the  air  above 
it;  but,  by  the  nature  of  air,  this  whole  pressure  is  as -the 
density  which  it  produces,  thafaJs,  as  eg.  Therefore  the 
curve  Eg*  ti  is  of  such  a  nature  that  the  area  lying  below 
or  beyond  any  ordinate  eg  ii  proportional  to  that  ordinate. 
This  is  the  property  of  the  logarithmic  curve,  and  Eg-n 
is  a:  logarithmic  curve. 

But  farther,  this  curve  is  the  same  with  EGN.  For  let 
B  continually,  approach  to  A,  and  ultimately  coincide 
with  it  It  is  evident  that  the  ultimate  ratio  of  BA  to  A6, 
and  of  BF  to  bf,  is  that  of  equality ;  and  if  EFK,  ¥.fk, 
be  drawn,  they  will  contain  equal  angles  with  the  ordinate 
AE,  and  will  cut  off  equal  subtangents  AK,  Ak.  The 
curves  EON,  E  g  n  are  therefore  the  same,  but  in  oppo- 


Laatly,  if  OA,  0  b,  0  c,  O  d,  he.  be  taken  in  arithme- 
tical progression  decreasing,  their  reciprocals  OA,  OB,  OC, 
OD,  Sec.  will  be  in  harmonica!  progression  increasing,  as 
is  well  known:  but,  from  die  -nature  of  the  logarithmic 
curve,  when  OA,  OA,  Oc,  Od,  &c  are  in  arithmetical 
progression,  theordinates  AE,  bf,  eg,  dh,hc.  are  in  geo- 
metrical progression.  Therefore  when  OA,  OB,  OC, 
OD,  be.  are  in  harmonica!  progression,  the  densities  of  the 
air  at  A,  B,  C,  D,  Sic  are  in  geometrical  progression ; 
and  thus  may  the  density  of  the  air  at  all  elevations  be  dis- 
covered. Thus  to  find  the  density  of  the  air  at  E  the  top 
of  the  homogeneous  atmosphere,  make  OK :  OA  —  OA : 
OL,  and  draw  the  ordinate  LT,  LT  is  the  density  at  E. 

The.  celebrated  Dr  Halley  was  the  first  who  observed 
t  the  relation  between  the  density  of  the  sir  and  theordinates 
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«f<b*Mg««AtaiccurYe>oroammdBlagaritluMf  This  he 
did  oft  the  supiVwitioa  of  equal  gravity ;  aad  Ma  aisMvery 
is  ackftcfwledged  by  Sir  Isaac  Nevrtrita,  m  JVaae^  ikjm^>, 
«t  «M.  Halley'a  dissertation  on  the  subject  is  in  No 
186.  of  the  Phil.  Trans.  Newton*  with  fan  uml  sanity, 
extended  the  name  relation  to  the  true  state  of  the  base* 
whet*  gravity  ii  as  the  square  of  the  distance  inversely  % 
and  showed  that  when  the  distances  front  the  earth's  otnuw 
an  in  nermorlic  progression!,  the  snwiBttita  are  hi  geometric 
progBeaaiowt  He  shows  indeed,  in  genera*,  what  progres. 
aiaa  of  the  distance,  on  any  rappunlaon  of  gravity,  wiH 
produce  a  geometrical  progression  of  the  engsjoBS)  as  aa  to 
obtain  a  set  of  lines  OA,  0  6,  Oc,  Od,  toe.  winch  -will  bt 
tagarrshms  of  the  densities.  The  anbjeot  wan  sftei-watds 
treated  in  a  more  familiar  manner  by  Gdum  in  hu^rhiMriu. 
l4ct.  and  in  his  -Normonia  MmHirortimf  also  by  fir 
Brooke  Taylor,  Utih.  fntrement  s  Waif  in  His  Aavmctriw 
Herman  hi  his  Phoronomitt ;  &D.  an.  and  lately  byiaars- 
ley,  PbiL  Trans.  Mm.  briv. 

We  have  shown  how  to  determine  £  priori  the  density 
of  the  air  at  different  elevations  above  the  surface  of  tin 
earth.  But  the  densities  may  be  discovered  in  all  acces- 
sible elevations  by  experiments;  namely^  by  observing 
the  heights  of  the  mercury  in  the  barometer.  This  is  a 
direct  measure  of  the  pressure  of  the  incumbent  atme> 
sphere ;  and  this  is  proportional  to  the  density  wbiah  h 
'produces. 

Therefore,  by  means  of  the  relation  subsisting  between 
the  densities  and  the  elevations,  we  can  discover  the  eleva- 
tions by  observations  made  on  the  densities  fay  means  of 
the  barometer;  and  thin  we  may  measure  elevations  by 
means  of  the  barometer;  and,  with  very  little  tronbtt, 
take  the  level  of  any  extensive  tract  of  WButry.  Of  this 
,  w*  have  an  iUurtrwus  example  in  the  section  wfceeh  the 
Abbe"  Chappe  D'Autoraefae  has  giveh  of  she  whole  coun- 
try between  Brest  and  Bhaterineisburgh  in  Siberia.     Tins 


KibyGoogle 


it  a  mibjectwhkhdeserw  a  nunute  considerate;  we*h*U 
therefore  present  it  under  a  very  Minnie  end  {annuM  form; 
and  trace  the  method  through  its  various  steps  of  improve- 
ment by  fie  Luc,  Roy,  Shuqkhurgh,  &c 

We  have  already  observed  oftener  than  once,  that  if  the 
mercury  ia  the  barometer  standi  at  80  inches,  and  if  the 
air  and  mercury  be  of  the  temperature  8SP  in  Fahrenheit's 
thermometer,  a  column  of  air  87  feet  thiok  has  the  same 
weight  with  a  column  of  mercury  fB  of  an  inch  thick. 
Therefore,  if  we  carry  the  barometer  to  a  higher  place,  so 
that  the  mercury  sinks  to  30,9,  we  hare  ascended  87  feet. 
Now,  suppose  we  carry  it  still  higher,  and  that  the  mer- 
cury stands  at  89.8 ;  it  is  required  to  know  what  height 
we  have  now  got  to  ?  We  have  evidently  ascended  through 
another  stantum  of  equal  weight  with  the  former ;  bujt  it 
must  be  of  greater  thickness,  because  the  air.  in  it  hi  rarer, 
bejaa  Una  compressed.  We  may  call  the  density  of  the 
first  stratum  300»  measuring  the  density  by  the  number 
of  tenths  of  «B  inch,  or*  mercury  which  it*  elasticity  prqpor, 
tional  tq  its  density  enable*  it  to  support  For  the  same 
reason,  the  density  of  the  second  stratum  must  be  899; 
but  when  the  weights  are  equal,  the  bulks  are  inversely  as 
the  densities ;  and  when  the  bases  of  the  strata  are  equal, 
the  bulks  are  as  the  thicknesses.  Therefore,  to  obtain  the 
thickness  of  this  second  stratum,  say  299:300  =  87:87,89; 
and  this  fourth  term  i*  the;  thjokness  of  the  second  stratum, 
and  we  have  ascended  ia  all  174^9,  feet.  In  like  manner 
we  may  rise  till  the  barometer  shown  the  density  to  be  2*8: 
then  say,  398 :  80  =«  87 :  87,584  for  |he  giickaess  of  fee 
tbwd  abwtwm,  and  861371!  or  261*  for  the  whole  aaoent; 
and  we  may  proceed  in  the  same  way  for  any  number  of 
mercurial  heights,  and  make  a  table  of  the  corresponding 
elements  aa  fallows :  where  the  fleet,  column  is.  the,  heujht 
of  the  mercury  in  the  barometer,  the  second  column  ia  the 
thickness  of  the  stratum,  or  the  elevation  above  the  pfje- 
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ceding  station ;  and  the  third  column  is  the  whole  dera- 
tion above  the  first  station. 


Bar. 

Stmt 

Eler. 

30 

00,000 

00,000 

29,9 

87,000 

87,000 

29,8 

87,291 

174,291 

89,7 

87,564 

261,875 

89,6 

87,879 

849,754 

29,5 

88,176' 

437,930 

29,* 

88,475 

6(6,406 

29,3 

89,776 

615,181 

29,2 

89,079 

704,260 

29,1 

89,884 

796,644 

29 

89,691 

883^85 

Having  done  this,  we  can  now  measure  any  e 
within  the  limits  of  our  table,  in  this  manner : 

Observe  the  barometer  at  the  lower  and  at  the  upper  sta- 
tions, and  write  down  the  corresponding  elevations.  Sub- 
tract die  one  from  the  other,  and  the  remainder  is  the 
height  required.  Thus  suppose  that  at  the  lower  station 
the  mercurial  height  was  29,8,  and  that  at  the  upper  sta- 
tion U  was  29,1 . 

29,1  793,644 

29,8  174,891 


619,853  =  Elevation. 
We  may  do  the  same  thing  with  tolerable  accuracy 
without  the  table,  by  taking  the  medium  m  of  the  mercu- 
rial heights,  and  their  difference  if  in  tenths  of  an  inch ; 
and  then  say,  as  m  to  300,  so  is  87d  to  the  height  required 

,       ,_300x87d     seioorf     ™        -    ,.     , 
A;orn= = .      Thus,   in  the  foregoing 

example,  m  is  294,5,  and  d  is  -.=  7 ;  and  therefore  h  = 

"moLR—  =  320,4,  differing  only  one  foot  from  the  former 

value. 
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Either  of  these  methods  is  sufficiently  accurate  for  most 
purposes,  and  even  in  very  great  elevations  will  not  pro- 
duce any  error  of  consequence :  the  whole  error  of  the  ele- 
vation 863  feet  4  inches,  which  is  the  extent  of  the  above 
table,  is  only  }  of  an  inch. 

But  we  need  not  confine  ourselves  to  methods  of  ap- 
proximation, when  we  have  an  accurate  and  scientific  me- 
thod that  is  equally  easy.  We  have  seen  that,  upon  the 
supposition  of  equal  gravity,  the  densities  of  the  air  are  aa 
die  ordinates  of  a  logarithmic  curve,  having  the  line  of  ele- 
vations for  its  axis.  We  have  also  seen  that,  in  the  true 
theory  of  gravity,  if  the  distances  from  the  centre  of  the 
earth  increase  in  a  harmonic  progression,  the  logarithm  of 
the  densities  will  decrease  in  an  arithmetical  progression ; 
but  if  the  greatest  elevation  above  the  surface  be  but  a  few 
miles,  this  harmonic  progression  will  hardly  differ  from  an 
arithmetical  one.  Thus;  if  A6,  Ac,  Ad,  are  1,  2,  and 
.  3  miles,  we  shall  find  that  the  corresponding  elevations  AB, 
AC,  AD  are  sensibly  in  arithmetical  progression  also :  for 
the  earth's  radius  AC  is  nearly  4000  miles.     Hence  it 

plainly  follows,  that  BC-  AB  is  jjjj^ggjjj;  or  BoBJoOO 
of  a  mile,  or  -557  of  an  inch;  a  quantity  quite  insignifi- 
cant. -  We  may  therefore  affirm  without  hesitation,  that  in 
all  accessible  places,  the  elevations  increase  in  an  arithme- 
tical progression,  while  the  densities  decrease  in  a  geome- 
trical progression.  Therefore  the  ordinates  are  propor- 
tional to  the  numbers  which  are  taken  to  measure  the  den- 
sities, and  the  portions  of  the  axis  are  proportional  to  the 
logarithms  of  these  numbers.  It  follows  therefore,  that  we 
may  take  such  a  scale  for  measuring  the  densities  that  the 
logarithms  of  the  numbers  of  this  scale  shall  be  the  very 
portions  of  the  axis ;  that  is,  of  the  vertical  line  in  feet, 
yards,  fathoms,  or  what  measure  we  please :  and  we  may, 
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m  U»  other  Imd,  ohoow  audi  » taM  fig  mrnauring  our 

elections,  tint  Mm  logarithm*  of  our  seek  of  densities  shall 
topartscf  uii#  scale  of  ekvatien*;  and  we  map  find  either 
of  Unn  scales  scientifically.  For  it  M  ft  known  property 
of  the  logaritbmic  curves,  that  when  the  ordinate*  ere  the 
nme,  the  intercepted  portion*  of  the  abscissa?  are  propor- 
tinal  to  their  subtsngeats,  Nov  we  know  the  Mbtangent 
of  Ujeetmosphwcallogarithinic:  it  it  the  height  of  the  ho. 
ttogapews  etqwenhere  in  any  measure  v«  please,  suppose 
(•thorns:  we  find  this  height  by  cotnparing  the  gravities  of 
air  Mo*  mercury,  when  both  are  of  some  determined  deanv- 
tjy.  Thne,  in  the  temperature  of  38"  of  Fahrenheit  ther- 
mometer, when  the  barometer  stands  at  30  inches,  it  U 
known  (by  many  experinieuia)  that  mercury  is  10483,008 
timet  heavier  than  ftir  ;  therefore  the  height  of  the  bejaoot 
ing  column  of  homogeneous  air  will  be  10428,008  thnet 
SO  inches,  that  is,  4848,945  English  fathoms.  Again,  it 
is  known  that  the  subtaogent  of  our  common  logarithmic 
tttUea,  where  1  is  the  logarithm  of  the  number  10,  it 
♦A  4842945.  Therefore  the  number  0,4342945  is  to  the 
difference  D  of  the  logarithms  of  any  two  barometric 
heights  at  4348,045  fathoms  are  to  the  fathoms  F  contain- 
ed in  the  portion  of  the  axis  of  the  atmospherical  logar- 
ithmic, which  is  intercepted  between  the  ordmates  equal  to 
these  barometrical  heights;  or  that  0,4343944  :  D  ~ 
4S43,94S:F,  and  0,4343,945  :  4342,9*5  —  D  ;  V ;  hut 
0,484*945  is  the  Wo-thoussndth  part  of  4843,946,  and 
therefore  D  is  the  ten-thousandth  part  of  F. 

And  thus  it  happens,  by  mere  chance,  that  the  logarithms 
of  the  densities,  njeasured  by  the  inches  of  mercury  which 
•hear  elasticity  supports  in  the  barometer,  are  just  the  tear 
thousandth  part  of  the  fathoms  contained  in  the  aosswaponoV 
ing  portions  of  the  axis  of  the  atmospherical  loajsatthsaic 
Therefore,  if  we  multiply  our  common  logarithm*  by 
10000,  they  will  express  the  fathoms  of  the  axis  of  the  at- 
mospherical logarithmic ;  nothing  is  more  easily  done.  Our 


KibyGoogle 


8fr? 

lotfaitbam  cessann  what  is  eased  the  index  or  ehsncteris- 
tio,  which  «  an  integer  and  a  htnnber  of  decimal  plans. 
Let  M  just  remove  die  integer-place  fimr  iggn  t«  the 
right  bud:  thus  the  faigarithui  of  6Gw  1-7761513,  which 

is  one  integer  and  .Q-..QQJW..     Multiply  Otis  by  10,000, 

and  we  obtain^  17781,613,  or  17781  ^. 

The  practital  application  of  afi  this  reasoning  is  obvious 
ttdeaay:  observe  the  heights  of  the  mercury  m  the  baro- 
meter at  the  trpper  and  lower  ttadoDs  in  inches  and  dect- 
nttds ;  take  -die  logarithms  of  these,  and  subtract  the  one 
from  the  other :  the  difference  between  them  (accounting 
the  fetor  first  decimal  figures  as  integers)  a  the  difFerebce 
of  rimtsiD  of  fasboms. 


Merc.  Height  at  die  lower  station  29,8       -       1 .474*1  AS 
upper  station  29,1       -      1.4*599980 


Diff.  of  Log.  x  10000         -  -         0.0108,888 

or  103  fathoms  and  —^  of  a  fathom,  which  is  619,992 
feet,  or  619  feet  4 j  inches ;  differing  from  the  approximat- 
ed value  formerly  round  about  £  an  inch. 

Such  is  the  general  nature  of  the  barometric  measure- 
ment of  heights  first  suggested  by  Dr  Halley  j  and  it  has 
been  verified  by  numberless  comparisons  of  the  heights  cal- 
culated in  this  way  with  the  same  height  measured  geome- 
trically. It  was  indeed  in  this  way  that  the  precise  spe- 
cific gravity  of  air  and  mercury  was  most  accurately  de- 
termined, namely,  by  observing,  that  when  the  tempera- 
ture of  air  and  mercury  was  32,  the  difference  of  the  loga- 
rithms of  the  mercurial  heights  were  precisely  the  fathoms 
of  elevation.     But.  it  requires  many  corrections  to.  adjust 
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this  method  to  the  circumstance*  of  the  cue;  sad  it  to 
not  till  very  lately  that  it  has  been  so  fax  adjusted  to  them 
as  to  become  useful.  We  are  chiefly  indebted  to  M.  de 
Luc  for  the  improvements.  The  great  elevations  in  Swit- 
zerland enabled  him  to  make  an  immense  number  of  obser- 
vations, in  almost  every  variety  of  circumstances.  Sir  George 
Shuckburgh  also  made  a  great  number  with  most  accurate 
instruments  in  much  greater  elevations,  in  the  same  coun- 
try ;  and  he  made  many  chamber  experiments  for  determin- 
ing the  laws  of  variation  in  the  subordinate  circumstances. 
General  Roy  also  made  many  to  the  same  purpose.  And  to 
these  two  gentlemen  we  are  chiefly  obliged  for  the  correc 
lions  which  are  now  generally  adopted. 

It  is  easy  to  perceive,  that  the  method,  as  already  ex- 
pressed, cannot  apply  to  every  case :  it  depends  on  the  spe- 
cific gravity  of  air  and  mercury,  combined  with  the  suppo- 
sition that  this  is  affected  oniy  by  a  change  o/"  pretsiae. 
But  since  all  bodies  are  expanded  by  heat,  and  as  there  is 
no  reason  to  suppose  that  they  are  equally  expanded  by  it, 
it  follows  that  a  change  of  temperature  will  change  the  re- 
lative gravity  of  mercury  and  air,  even  although  both  suf- 
fer the  sanwehange  of  temperature :  and  since  the  air  may  be 
warmed  or  cooled  when  the  mercury  is  not,  or  may  change 
its  temperature  independent  of  it,  we  may  expect  still  great- 
er variations  of  specific  gravity. 

The  general  effect  of  an  augmentation  of  the  specific  gra- 
vity of  the  mercury  must  be  to  increase  the  subtangent  of 
the'  atmospherical  logarithmic ;  in  which  case  the  logarithms 
of  the  densities,  as  measured  by  inches  of  mercury,  will  ex- 
press measures  that  are  greater  than  fathoms  in  the  same 
proportion  that  the  subtangent  is  increased ;  or,  when  the 
air  is  more  expanded  than  the  mercury,  it  will  require  a 
greater  height  of  homogeneous  atmosphere  to  balance  30 
inches  of  mercury,  and  a  given  fall  of  mercury  will  then 
correspond  to  a  thicker  stratum  of  air. 

In  order,  therefore,  to  perfect  this  method,  we  must  learn 
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by  experiment  how  much  mercury  expands  by  an  increase 
of  temperature ;  we  must  also  learn  how  much  the  air  ex- 
pands by  the  same,  or  any  change  of  temperature;  and 
bow  much  its  elasticity  is  affected  by  it  Both  these  circum- 
stances must  be  considered  in  the  cue  of  air ;  for  it  might 
happen  that  the  elasticity  of  the  air  is  not  so  much  affected 
by  heat  as  its  bulk  is. 

It  will,  therefore,  be  proper  to  state  in  this  place  the  ex- 
periments which  have  been  made  for  ascertaining  these  two 


The  most  accurate,  and  the  best  adapted  experiments  for 
ascertaining  the  expansion  of  mercury,  are  those  of  General 
Roy,  published  in  the  67th  volume  of  the  Philosophical 
Transactions.  He  exposed  80  inches  of  mercury,  actually 
supported  by  the  atmosphere  in  a  barometer,  in  a  nice  ap- 
paratus, by  which  it  could  be  made  of  one  uniform  tempe- 
rature through  its  whole  length ;  and  he  noted  the  expan- 
sion of  it  in  decimals  of  an  inch.  These  are  contained  in 
the  following  table ;  where  the  first  column  expresses  the 
temperature  by  Fahrenheit's  thermometer,  the  second  «* 
liunn  expresses  the  bulk  of  the  mercury,  and  the  third  co- 
lumn the  expansion  of  an  inch  of  mercury  for  an  increase 
of  one  degree  in  the  adjoining  temperatures. 


Table  A. 


i*«mp. 

Bulk  of 

Eipuu  for  1° 

i— 

Bulk  of 
Mercury, 

Ripan.  for  1" 

*i8° 

30,5117 

0,0000763 

102° 

30,22  fi 

0.0001003 

808 

30,4888 

0,0000787 

98 

30,1928 

0,0001023 

192 

30.4.G53 

0,0000810 

68 

30,1615 

0,0001043 

188 

30,4409 

0,0000833 

78 

30,1308 

0,0001063 

ITS 

30,4159 

0,0000857 

62 

30,0984 

0,0001077 

16! 

30,3903 

0,0000680 

52 

30,0661 

0,0001093 

15* 

30,3038 

0,0000903 

48 

80,0333 

0,0001110 

14,2 

30,3367 

0,0000923 

32 

30,0000 

0,0001187 

138 

30,3090 

0,0000913 

28 

89,9662 

0,0001143 

1*8 

■30,8807 

0,0000363 

18 

89,9319 

0,0001160 

118 

30,8518 

0,0000983 

S 

0 

29,8971 
89,8901 

0,0001177 
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Thus  table  gives  rise  to  am  reflectim*.  The  scale  of 
the  taerraoBteter  ii  qdntteaenJ  on  the  supposition  (fast  die 
1 cessrw  degrees'  of  neat  we  Wewned  by  equal  ineve- 
-meota  of  -bulk  in  the  mercury  of  the  theraaometcr.  Ho* 
■comes  it,  therefore,  -that  this  ia  not mmeampmiad  hyeqaai 
ancrementa  of  bulk  in  the  mercury  of  the  column,  bat  ae*t 
the  corresponding  expansions  of  this  odusnn  d*  eentiouafiy 
uemiaisnP  General  Itoy  attribute*  this  to  the  gradual  de- 
■ediBneotofelaetic  metier  from  the  mercury  by  beat,  waaoo 
presses  on  the  top  of  the  column,  and  therefore  shortens  it 
fie  applied  a  boiUog  beet  to  the  vacuum  a-Sep,  without 
tandneng  any  farther  depeemien ;  a  proof  that  toe  bstro- 
metw  bad  been  caref uliy*  nlled.  It  had  indeed  boesi  boika 
through  its  whole  length.  He  bad  attempted  to  raeemre 
the  mercurial  expansion  in  the  nana!  way,  by  tilting  90  inches 
of  the  tube  with  boiled  mercury,  and  exposing  it  to  the 
beat  with  the  open  end  uppermost.  But  here  it  is  evi- 
dent that  the  expansion  of  the  tube,  and  its  solid  contents, 
must  be  taken  into  the  account.  The  eapenaion  of  the 
tube  was  found  ao  exceedingly  irregular,  and  s»  incapable 
of  being  determined  with  precision  for  the  tabes  wbeth 
were  to  be  employed,  that  he  was  obliged  to  have  recount 
to  the  method  with  the  real  bejomett*.  In  this  no  regard 
was  necessary  to  any  circumstance  but  the  perpendicular 
height  There  was,  besides,  a  propriety  in  examining  the 
mercury  in  the  very  condition  in  which  it  was  used  for 
in  earn  ring  the  pressure  of  the  atmosphere ;  because  what- 
ever complication  there  was  in  the  results,  it  was  the  same 
in  the  barometer  in  actual  use. 

The  most  obvious  manner  of  applying  these  experiments 
on  the  expansion  of  mercury  to  our  purpose,  is  to  reduce 
the  observed  height  of  the  mercury  to  what  it  would  have 
been  if  it  were  of  the  temperature  32.  Thus,  suppose  that 
the  observed  mercurial  height  is  29,2,  and  that  the  tempera, 
lure  of  the  mercury  is  72°,  make  30,1302  =  30=29,2:29, 
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W.3&.  This  will  be  the  towe  measuve  off  the.deasky  of  the 
air  «f  tbe  atandaad  mmeeeatufe.  hn  teams  that  we  may 
obtain  tin  exact  tempsrattue  of  the  motcuryy  ifcis  pmpsr 
that  the  oaseEvatini*  be  made  lay  meats*  of  a  thtmuawtsf 
attached  to  the.  barometer-frame,  so  aa  to  warm  and  cod 
•tog- with  it. 

Or  this  may  be  done  withwrt  the  help  of  a,  table,  and 
with,  sufficient  accuracy,  Atom  the'  eiroustttanee  that  the 
expeuwon  of  an  inch  of  raewmry  for  one  dogma  dimiaiahsa 
very  Dearly  rso  pad  in  each  meseding  degree.  H,  then. 
&«%  we  take  from  tbe  expansion  at  83°  its  thousandth,  part 
far  each  degree  «£  any  Taiga  aboM  it,,  we  obtain  a  mean 
rate  of  expansion  for  that  range.  If  die  obscured,  temper- 
ature ot  the  mercury  is  beiam  88°,  we  must  add  this  cor- 
aaotion.  lb  obtain  the  mean  reps  anise.  Thin  rule  will  be 
Wade  taeee  exact,  if  we  suppes*  the.  eipaaaion  at  38?  to 
be  «=  O,O00ai»X  Then,  multiply  the  observed  mercurial 
height  by  this  eapanaioiv  and  wei  obtain  the  aorree. 
tian,  to  be  saatraatfjsi  er  addsdi  afeeading:  as  oW  tempera 
atwe  of  the-  awreuryi  was  abeve'er  below  8fiF;  Thus  to 
abidfrby  the former  example a£ 72?.  This  exceeds  82"  by 
4ft:  therefore  take  40>  from,  0,0661137,  and  we  have 
OtOOOttW  mn  mmamdhrm  expansion;  for  that  range.  MuJO- 
psR'thatiby  40;  and  we  hewe  the  whale  expamaoB  of  eaw:  inch 
of  mewaor^.-=0i004a4ft.  Maitiply  tbe  inches  of  merw 
njaj  bright,  vk.  29(3,  by  this  expansion,  anckwe  harems 
thetcoireehwa  6,iafi96j  which  being  subtracted  from,  the 
ohawivad.nwghti  leave*  1&,G13Q*>  diftfering  from  tan  accu- 
rate  quantity  less  than  tbe  thousandth  part  of  an.  inch. 
Ibtsimleris  vary;  easily  kept  inthe  memory,  and  auper- 
sabea.tfae  BB&<rf  a  tabie. 

This  encrsction  may  be  made  with-  all  necessary  exaee- 
ness  by  a  rum.  still  mote  simple ;  namely,  by  multiplying; 
the  observed'  iteight  of  tbe  mercury  by  the  difference  of  its 
tempewuircfrnm  8#V  and  cutting  off  four  ciphers  before 
the  decimal*  ot  the  mercurial  height.     ThisJwilLseldoni  err 
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1B0  of  an  inch.  We  even  believe  that  it  u  the  moat  exact 
method  within  the  range  of  temperatures  that  can  be  ex- 
pected to  occur  in  measuring  heights :  for  it  appears,  by 
comparing  many  experiments  and  observations,  that  General 
Roy's  measure  of  the  mercurial  expansion  is  too  great,  and 
that  the  expansion  of  an  inch  of  mercury  between  90°  and 
70  of  Fahrenheit's  thermometer  does  not  exceed  0,000108 
per  degree.  Having  thus  corrected  the  observed  mer- 
curial heights  by  reducing  them  to  what  they  would  have 
been  if  the  mercury  had  been  of  the  standard  temperature, 
the  logarithms  of  the  corrected  heights  are  taken,  and  their 
difference,  multiplied  by  10000,  will  give  the  difference  of 
elevations  in  English  fathoms. 

There  is  another  way  of  applying  this  correction,  fully 
more  expeditious  and  equally  accurate.  The  difference 
of  the  logarithms  of  the  mercurial  heights  is  the  measure  of 
the  ratio  of  those  heights.  In  like  manner  the  difference 
of  the  logarithms  of  the  observed  and  corrected  heights  at 
any  station  is  the  measure  of  the  ratio  of  those  heights. 
Therefore  this  last  difference  of  the  logarithms  is  the  mea- 
sure of  the  correction  of  this  ratio.  Now  the  observed 
height  is  to  the  corrected  height  nearly  as  1  to  1,000102. 
The  logarithm  of  this  ratio,  or  the  difference  of  the  lo- 
garithms of  1  and  1,000102,  is  0,0000*44.  This  is  the  cor- 
rection for  each  degree  that  the  temperature  of  the  mer- 
cury differs  from  32.  Therefore  multiply  0,0000*44  by 
the  difference  of  the  mercurial  temperatures  from  32,  and 
the  products  will  be  the  corrections  of  the  respective  loga- 
rithms. 

But  there  is  still  an  easier  way  of  applying  the  logarith- 
mic correction.  If  both  the  mercurial  temperatures  are 
the  same,  the  differences  of  their  logarithms  will  be  the 
same,  although  each  may  be  a  good  deal  above  or  below 
the  standard  temperature,  if  the  expansion  be  very  nearly 
equable.  The  correction  will  be  necessary  only  when  the 
temperatures  at  the  two  stations  an  different,  and  will  be 
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proportional  to  thi*  difference.  Therefore,  if  the  difference 
of  the  mercurial  temperatures  be  multiplied  by  0,0000444, 
the  product  will  be  the  collection  to  be  made  on  the  dif- 
ference of  the  logarithms  of  the  mercurial  heights. 

But  farther,  since  the  differences  of  the  logarithms  of 
the  mercurial  heights  are  also  the  differences  of  elevation  in 
English  fathoms,  it  follows  that  the  correction  is  also  a 
difference  of  elevation  in  English  fathoms,  or  that  the  cor- 
rection for  one  degree  of  difference  of  mercurial  tempera- 
ture is  AVS  °f  &  fathom,  or  32  inches,  or  2  feet  8  inches. 

This  correction  of  8.8  for  every  degree  of  difference  of 
temperature  must  be  subtracted  from  the  elevation  found 
by  the  general  rate,  when  the  mercury  at  the  upper  station 
is  colder  than  that  at  the  lower.  For  when  this  is  the 
case,  the  mercurial  column  at  the  upper  station  will  ap- 
pear too  short,  the  pressure  of  the  atmosphere  too  small, 
and  therefore  the  elevation  in  the  atmosphere  will  appear 
greater  than  it  really  is. 

Therefore  the  rule  for  this  correction  will  be  to  multi- 
ply 0,0000444  by  the  degrees  of  difference  between  the 
mercurial  temperatures  at  the  two  stations,  and  to  add  or 
subtract  the  product  from  the  elevation  found  by  the  gene- 
ral rule,  according  as  the  mercury  at  the  upper  station  is 
hotter  or  colder  than  that  at  the  lower. 

If  the  experiments  of  General  Boy,  on  the  expansion  of 
the  mercury  in  a  real  barometer,  be  thought  most  deserving 
of  attention,  and  the  expansion  be  considered  as  variable, 
the  logarithmic  difference  corresponding  to  this  expansion  - 
for  the  mean  temperature  of  the  two  barometers  may  be . 
taken.  These  logarithmic  differences  are  contained  in  table 
B,  which  is  carried  as  far  as  118*,  beyond  which  it  is  not 
probable  that  any  observations  will  be  made.  The  num- 
ber for  each  temperature  is  the  difference  between  the  lo- . 
garithms  of  30  inches  of  the  temperature  32,  and  of  30 
inches  expanded  by  that  temperature. 
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Tails  B. 

T**tf  C. 

iW 

LogtlWna  Aitt. 

Dec.  of 
FUH. 

Ft  In. 

Men. 

Dilf. 

A*. 

Dur. 

J1B- 

102 

0! 

w 

•«■ 
as 

5? 
3 

it 
0 

aooooitT 

0.0000430 

0.0000*41 
0.0000453 

■    0,0000490 
0.0000468 
O.0O0G47S 
a 0O0O4S2 
O.00O0489 

aooooter 

O0000A04 

,427 
.494 
,444 

,453 
,460 
,468 
■    ,475 
,48* 
,480 

,«r 

,504 

2.T 
tT 

t.8 

2.9 

2-9 

2.10  ' 

1.10 

2.11 

2.11 

8* 

3.0 

218 

m 

172 

i« 

132 
112 
9C 

r? 

52 

32 
12 

20 
20 
20 
M 
to 

20 
20 
20 
20 

to 

1212.0 
194,4 
176,2 
153,4 
138,0 
118,0 
9T.2 
1S.S 
*M 
31,4 
11,4 

.17,6 
■W 

18,8 
19,4 
20.8 
20.8 
24.4 
22,6 
21,6 

It  is  also  neoeonajy  to  attend,  to  the  temperature  of  thai 
air;  and  the  change  that  is  productd Jjy  beat  in  its, density, 
is  of  much  greater  consequence  than  that  of  the  mercury,. 
The  relative  gravity  of  the  two,  on  which  the  subUngent 
of  the.  logarithmic  curve  depends,  and  consequently,  the 
unit  of  our  scale  of  elevations  is  much  more  affected  by 
the  beat  of  the  air  than  by  the  beat  of  the  mercury. 

This  adjustment  is  of  incomparably  greater  ddficulty 
than,  the  former*  and  we  cap  hardly  hope  to  make  it  pec- 
fect  We  shall  narrate  Act  chief  experiments,  which  haw 
been  made  on  the  expansion  of  air,  and  deduce  from  thero- 
such  rules  as  appear  to  be  necessary  consequences  of  thorn, 
and  then  notice  the  circumstances  which  leave  the  roafter 
still  imperfect. 

.  General  Roy  compared  a  tnefcurial  and,  an  air  tbcrmo- 
metei\  each  of,  which  was.  graduated  arithmetically,  that  is, 
the  units  of  the  scales,  were  equal,  bulks  of  mercury,  and 
equal  bulks  (perhaps  different,  from  the  former),  of  ah*. 
He  found,  their  progress  a*  in  table  C. 

lthaa  been. established,  by  masu/.e-qteriment*  that  equal 
increiuenta  of  heat  pradfeo*  espial  infinTOMits  in  the  bulk  of 
mercury.  The  differences,  of  teiuperaiure  are  therefore  eft. 
pressed  by  the  second  column,  and.  may  be  coasjdenjd  as, 
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•qua]  i  aad  the  numbers  of-  the  third  solum*  wuit  be  al- 
lowed  to  express  the  same  temperature*  with  those  of  the 
(  first.  The;  directig.  expect*  the-  Mfc*  of  the  air,,  and  die 
numbers  of  the  fourth  colusan  express  the  tiiffisreacea  of 
these  "bulks.  Those  we  evidently  unequal,  and  show  thai) 
Qoounoa  air  expands  moM  of  all  when,  of  the  temperatuw 
#*  nearly. 

The  aext  point  was-  to  determine  whet  w*P  the  actuai  iar 
crease  of  built  by  some  known  increase  of  heat.  For  thin 
purpose  be  took  a  tube,  having  a  narrow  bore,  and  a  ball 
at  one  end.  He  measured  wish  great  care  the  capacity  of 
both  the  ball  and  the  tube,  and  divided  the  tube  into  equal 
spaces  which  bore  a  determined  proportion  to  the  capacity 
of  the  ball.  This  apparatus  was  set  in  a  long  cylinder 
filled  with  frigerific  mixture*,  or,  with  water,  which  could  be 
uniformly  heated  up  to  the  boiling  temperature,  and  was 
accompanied  by  a  nice  thermometer.  The  expansion  of 
the  air  was  measured  by  means  of  a  column  of  mercury, 
which  rose  or  sunk  in  the  tube.  The  tube  being  of  a  small 
bore,  the  mercury. did  not  drop,  out  of  it;  and  the  bore 
being  chosen  as  equable  as  possible,  this  column  remained  of 
an  uniform  length,  whatever  part  of  the  tube  it  chanced  to  ' 
occupy.  By  this  contrivance  he  was  able  to  examine  the 
expansibility  of  air.  of  various  densities.  When,  the  column 
of  mercury  contained  only  »  single  drop  or  two,,  the  air  was 
nearly  ef  the  density,  of  ther  external  air.  I£  be  wished  t» 
examine  the  expansion  of  air,  twice  or  thrice,  as  dense,  he 
used  ft  column,  of  80  or  6Q  inches  long:  and  to  examine. 
the  esoansign:  of  air.  that.is  raret  than  the  external,  air,  be 
plated,  tit*  tube  with,  the,  ball  uppermost,,  the  open,  end- 
coming  through  at  hole  in.  the.  bottom  of  the  vessel  cod, 
taining  the  mixtures  or  water.  By  this  position  the  co- 
lumn of  mercury  was  hanging  in  the  tube,  supported  by 
the  pressure  of  the  atmosphere ;  and  the  elasticity  of  the 
included  air  was  measured  by  the  difference  between  the 
suspended  column  and  the  common  barometer. 
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-  The  following  table  contains  the  expansion  of  1000  parts 
of  air,  nearly  of  the  common  density,  by  heating  it  from 
0  to  212.  The  first  column  contains  the  height  of  the  ba- 
rometer ;  the  second  contains  this  height  augmented  by 
the  small  column  of  mercury  in  the  tube  of  the  manometer, 
and  therefore  expresses  the  density  of  the  air  examined  ; 
the  third  contains  the  total  expansion  of  1000  parts;  and 
the  fourth  contains  the  expansion  for  1",  supposing  it  uni- 
form throughout. 


Tablb  D. 


_~ 

DmUrof 

■w 

£9,95 

.  31,5* 

483,89 

2,8885  . 

30,07 

30,77 

483,10 

5,27*1 
2,2676 

89,48 

£9,90 

460,74 

89,90 

30,73 

485,86 

8,1918 

29,96 

30,92 

489,45 

8,3087 

29,80 

S0.S4 

476,04 

2,84*5 

29,96 

30,60 

487,55 

2.2S9B 

30,07 

30,60 

483,60 

8,8774 

89,48 

30,00 

489,47 

2,3067 

30,63 

481,21 

8,8640 

Hence  it  appears,  that  the  mean  expansion  of  1000  parts 
of  air,  of  the  density  30,62  by  one  degree  of  Fahrenheit's 
thermometer,  is  2,384,  or  that  1000  becomes  1002,281. 

If  this  expansion  be  supposed  to  follow  the  same  rate 
that  was  observed  in  the  comparison  of  the  mercurial  and 
air  thermometer,  we  shall  find  that  the  expansion  of  a  thou- 
sand  parts  of  air  for  one  degree  of  heat  at  the  different  in- 
termediate temperatures  will  be  as  in  table  E. 
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■Wit 

■SB" 

112 

18* 
178 

in 

13! 
112 

92 

62 

n 

6! 
52 
42 
32 
22 
12 
0 

4M.210 
444,011 
402,45! 
350,503 
315,193 
269,513 
222,000 
197,795 
171,671 
147,090 
121,053 
95,929 
71,718 
48,421 
26,038 

2,0099 
2,0080 
2,1475 
8,2155 
!,!840 
2,3754 
2,4211 
2,5124 
2,5581 
2,6037 
3,512* 
2^211 
2,3297 
2,2383 
2,1*98 

w 

Bulk. 

Di»r. 

ExfUkloa 

212 
192 
17! 
151 
132 
112 
92 
82 
7! 
6! 
52 
42 
32 
22 
12 
0 

13489 
IS474 

1S0BT 
12685 
1227! 
11840 
11403 
IUTT 
10942 
10T04 
10461 
*102« 
10000 
9783 
95T4 
9331 

375 
SST 
392 
413 
426 
443 
228 
235 
238 
243 
235 
226 
217 
209 
243 

18,7 
193 
19,6 
20,6 
213 
22,1 
22,6 
23,5 
133 
243 
23,* 
22,6 
21  ,T 
20,9 
20,2 

If  we  would  have  8  mean  expansion  for  any  particular 
range,  as  between  12*  and  92°,  which  is  the  most  likely  to 
comprehend  all  the  geodaetical  observations,  we  need  only 
take  the  difference  of  the  bulks  26,088  and  £22,006  = 
196,968,  and  divide  this  by  the  interval  of  temperature 
80°,  and  we  obtain  2,4496,  or  2,45,  for  the  mean  expan- 
sion for  1°. 

-  It  would  perhaps  be  better  to  adapt  the  table  to  a  mass 
of  1000  parts  of  air  of  the  standard  temperature  38P ;  for 
in  its  present  form  it  shows  the  expansibility  of  air  origi- 
nally of  the  temperature  0.  This  will  be  done  with  suf- 
ficient accuracy  by  saying  (for  212°)  1071,718 :  1484,  210 
=  1000, :  18849,  and  so  of  the  rest  Thus  we  shall  con- 
struct the  expansion  of  10,000  parts  of  air  as  in  Table  F. 
.  This  will  give, for  the  mean  expansion  of  1000  parts  of 
air  between  12°  and  92  =  2,29. 

Although  it  cannot  happen  that  in  measuring  the  dif- 
ferences of  elevation  near  the  earth's  surface,,  we  shall  have 
occasion  to  employ  air  greatly  exceeding  the  common  den- 
sity, we  may  insert  the  experiments  made  by  General  Boy 
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on  such  airs.  They  are  expressed  in  Table  G,  where  co- 
lumn first  contains  the  densities  measured  by  the  inches  of 
mercury  that  they  will  support  when  of  the  temperature 
32* ;  column  second  is  the  expansion  of  1000  parts  of  such 
air  by.  bijing  heated  from  ft  tt>  212*  and  couraw  third  ia 
the  mean  expansion  for  1°. 


Table  G. 


Table  H". 


«-,. 

Knpaoilou 

Egfi*™ 

101,7 

92Ji 
60,5 
54,5 

451,64 
483^3 
418.09 
439^7 

443.?* 

txw 

1,996 
1.944 
8,075 
7,091 

75,7 

43* 

8.047 

^ 

- 

DUtran. 

fc?^? 

tit 

198 
178 
158 
13g 

,11! 
92 

n 

.58 

Sf 

1141^04 

1134,489 
1.1SU45 
1106,0 15 
1098^94 
1079.63S 
1064^99 
1043,788 
1017,645 
MMlUt 

1A1& 

ia«64 

1*150 
14.151 
14,886 
14,937 
80,911 
85,943 
17.845 

0,354. 
0.813 
0.708' 
0,7081 
0,711 
0,747 
1,045 
1,197 
0,891 

i 

Mean  eipanwon. 

0,T8fi 

We  have  much  more  frequent  occasion  to  operate  in  an 
that  is  rarer  than  die  ordinary  state  of  the  superficial  at- 
mosphere. General  Roy  accordingly  made  many  experi- 
ments on  soch  aim.  He  found  in  general,  thai  their  ex- 
pansibility by  heat  was  analogous  to  that  of  air  ini  ita  oodi- 
nary  density,  being  greatest  about  the  temperature- 60?i' 
He-  found ,  too,  that  its  expansibility  by  beat  dJuiiiHahad' 
with  its  density,  hut  he  oould  not  determine  tna  lair  at 
gmdalioB.  When  reduced  to  aJboct  one-flftft-af  the  dt»> 
sity  of  common  air,  its  ■rpaosiou--wnij  aa.f«lltw*»: 

From  this  very  eMenww  and1  jodicaoun  imngp  of  esperi- 
ments,  it  it  evident  that  the-  oxpejwihit i ty -  of  air  by  beat  in 
greatest  when  the  air  is  about  its  ordinarydensitty,  and  that 
in  small1  densities  it  is  greatly  diminished)  It  appear*  abe, 
that  the  law  of  compression  is  altered;  for  in  this  speci- 
men of  die  rare  air  half  at  the  whole  expansien-  havpet* 
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abcwtthelMHpCMttiK  90°,  bot  m  altai"  ordinary  ulemity 
wr06°.  This  being  tbeease,ws>  we  that  the  expsfmwCB 
of  Mr  Anootons,  narrated  in  the  Memoirs  of  the  Acad  easy 
at  Pom  1708,  *c  are  not  mwriststeut  wit*  those  mote 
pjr*p*eiw*is  experiments  of  General  Hoy.  Amabtsaw  moat, 
that  whatever  was  the  density  of  the  air,  at  least  m  ease* 
much  o^iw^  tbaa  orajewry  sir,  the  abauge  of  180<"of  vm- 
pemtxrre  increased  its  elasticity  in  the  same  'proportion :  for 
In  foimd,  that  the  oehma  of  mercury  which  it  supported, 
when  of  the  temperature  SO,  was  increased  one-third  at  tfee 
temperature  tit.  Hence  he  hastily  concluded,  that  its 
expansibility  was  increased  in  the  sane  proportion ;  hut 
this  fay  no  means  follows,  tmlees  we  are  certain  'that  in 
every  temperature  the  elasticity  is  proportional  to  the  den- 
sity. This  is  a  point  which  will  remains  undecided ;  and 
k  merits  attention,  because,  if  true,  it  estabntbes  a  vttnark* 
able  htw  concerning  the  action  of  beat,  which  would  seem 
to  go  to  prove  that  die  elasticity  of  fluids  is  the  property*!* 
the  matter  of  fire,  which  ft  superinduces  on  every  body 
with  which  it  combines  in  the  form  of  vapour. 

After  this  account  of  the  expansion  of  air,  we  see  that 
the  freight  through  which  we  must  rise  m  order  to  produce 
a  given  fall  of  the  mercury  m  the  barometer,  or  the  thiok- 
nest  of  the  stratum  of  air  equiponderant  with  a  tenth  at  an 
inch  of  mercury,  moat  increase  with  the  eapanaica  of  air; 

8,99 
and  that  if  =^-r  be  the  expansion  for  one  degree,  we  must 

multiply  the  excess  of  the  temperature  of  the  air  above 
38°  by  0,00*29,  and  multiply  the  product  by  87,  in  order 
to  obtain  the  thickness  of  the  stratum  where  the  barometer 
stands  at  SO  inches ;  or  whatever  be  the  elevation  indicated 
by  the  difference  of  the  barometrical  heights,  upon  the 
supposition  that  the  air  is  of  the  temperature  92",  we.mdst 
multiply  this  by  0,00999  for  every  degree  that  the  air  hi 
warmer  or  colder  than  S&  The  product  most  be  added  to 
the  (fetation  m  the  first  case,  and  subtracted  in  the  latter. 
7 
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Sir  George  Shuckburgh  deduces  0,00ft*  from  his  expe- 
riments as  the  mean  expansion  of  air  in  the  ordinary  cases : 
and  this  is  probably  nearer  the  truth ;  because  General 
Boy's  experiments  were  made  on  air  which  was  freer  from 
damp  than  the  ordinary  air  in  the  fields ;  and  it  appears 
from  his  experiments,  that  a  very  minute  quantity  of  damp 
increases  its  expansibility  by  heat  in  a  prodigious  degree. 

The  great  difficulty  is  bow  to  apply  this  correction ;  or 
rather,  bow  to  determine  the  temperature  of  the  air  in  those 
extensive  and  deep  strata  in  which  the  elevations  are  mea- 
sured. It  seldom  or  never  happens  that .  the  stratum  is  of 
the  same  temperature  throughout  It  is  commonly  much 
colder  aloft ;  it  is  also  of  different  constitutions.  Below  it 
is  warm,  loaded  with  vapour,  and  very  expansible ;  above 
it  is  cold,  much  drier,  and  less  expansible,  both  by  its  dry- 
ness and  its  rarity.  The  currents  of  wind  are  often  dis- 
posed in  strata,  which  long  retain  their  places ;  and  as  they 
come  from  different  regions,  are  of  different  temperatures 
and  different  constitutions.  We  cannot  therefore  deter- 
mine the  expansion  of  the  whole  stratum  with  precision, 
and  must  content  ourselves  with  an  approximation :  and 
the  best  approximation  that  we  can  make  is,  by  supposing 
the  whole  stratum  of  a  mean  temperature  between  those  of 
its  upper  and  lower  extremity,  and  employ  the  expansion 
corresponding  to  that  mean  temperature. 

This,  however,  is  founded  on  a  gratuitous  supposition, 
that  the  whole  intermediate  stratum  expands  alike,  and 
that  the  expansion  is  equable  in  the  different  intermediate 
temperatures ;  but  neither  of  these  are  warranted  by  ex- 
periment Bare  air  expands  less  than  what  is  denser ;  and 
therefore  the  general  expansion  of  the  whole  stratum  ren- 
ders its  density  more  uniform.  Dr  Henley  has  pointed 
out  some  curious  consequences  of  this  in  Phil.  Tram.  vol. 
kriv.  There  is  a  particular  elevation  at  which  the  ge- 
neral expansion,  instead  of  diminishing  the  density  of  the 
air,  increases  it  by  the  superior  expansion  of  what  is  below; 
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and  we  know  Uut  the  expansion  it  not  equable  in  the  in-  ' 
termeditite  temperatures;  but  we  cannot  find  out  a  rule 
which  will  give  us  a  more  accurate  correction  than  by  tak- 
ing the  expansion  for  the  mean  temperature. 

When  we  have  done  this,  we  have  carried  the  method  of 
measuring  heights  by  the  barometer  as  far  as  it  can  go ; 
and  this  source  of  remaining  error  makes  it  needless  to  at- 
tend to  some  other  very  minute  equations  which  theory 
points  out.  Such  is  the  diminution  of  the  weight  of  tike 
mercury  by  the  change  of  distance  from  the  centre  of  the 
earth.  This  accompanies  the  diminution  of  the  weight  of 
the  air,  but  neither  so  as  to  compensate  it,  nor  to  go  along 
with-  it  pari  pass**. 

After  all,  there  are  found  eases  where  there  is  a  regular 
deviation  from  those  rules,  of  which  we  cannot  give  any 
very  satisfactory  account  Thus  it  is  found,  that  in  the 
province  of  Quito  in  Peru,  which  is  at  a  great  elevation 
above  tfaa  surface  of  the  ocean,  the  heights  obtained  by  these 
rules  fall  considerably  short  of  the  real  heights ;  and  at 
Spitsbergen  they  considerably  exceed  them.  It  appears 
that  the  air  in  the  ciicumpolar  regions  is  denser  than  the 
air  of  the  temperate  climates  when  of  the  same  heat  and 
under  the  same  pressure ;  and  the  contrary  seems  to  be  the 
ease  with  the  air  in  the  torrid  zone.  It  would  seem  that 
the  specific  gravity  of  air  to  mercury  is  at  Spitsbergen 
about  1  to  10224,  and  in  Peru  about  1  to  13100.  This 
difference  is  with  great  probability  ascribed  to  the  greater 
dryness  of  the  drcumpolar  air. 

This  source  of  error  will  always  remain ;  and  it  is  com- 
bined with  another,  winch  should  be  attended  to  by  all 
who  practise  this  method  of  measuring  heights,  namely  a 
difference  in  the  specific  gravity  of  the  quicksilver.  It  is 
thought  sufficiently  pure  for  a  barometer  when  it  is  cleared 
of  all  calculable  matter,  so  as  not  to  drag  or  sully  the  tube. 
In  this  state  it  may  contain  a  considerable  portion  of  other 
metals,  particularly  of  silver,  bismuth,  and  tin,  which  will 
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esroieish  its  speeific  gra*ity.  Tt  hin  hrtin  nhnisMil  lij  li  11 
vicftHoo  from  cMsabar  of  the  ftdic  gravity  1*,8J*9, 
and  it  is  thought  very  Am  if  i3j6C  Sir  Geoige  Shuufc. 
burgh  found  the  quicksilvet,  which  agreed  fveaisely  with 
the  dtmospheiiicat  observations  on  which  4he  ndes  are 
founded,  to  have  the  ipeajfie  gravity  18,61.  ft  is  aesaom 
obtained  so  heavy.  It  »  evident  that  these  variations  WiH 
change  the  whole  molts;  *od  that  it  is  abseiutely  nteev- 
Wry,  in  order  to  obtain  precision,  that  we  know  thedenmty 
of  the  mercury  employed.  The  sufctewgent  of  the  eaaaas- 
pheTical 'logarithmic,  or  the  height  of  the  homogeneous  ac 
nvnphere,  wiB  increase  in  the  same  proportion  with  the 
density  of  the  mercury ;  and  the  elevation  corresponding 
to  j\  of  an  inch  of  barometric  height  will  change  hi  the 
tame  proportion. 

We  must  be  contented  with  the  remahnng  imperfe* 
tions :  «md  we  can  readily  see,  that,  for  any  pappose  that 
can  be  answered  by  such  measurements  of  gnat  freights, 
the  method  is  sufficiently  exact ;  but  it  is  quite  inadequate 
to  the  purpose  of  taking  accurate  levels,  for  directing  the 
construction  of  canals,  aqueducts,  and  other  works  of  this 
kind,  where  extreme  precision  is  absolutely  necessary. 

We  shall  now  deduce  from  all  that  has  been,  said  on  has 
subject  sets  of  easy  rules  for  the  practice  of  this  node  ef 
measurement,  illustrating  them  by  an  example. 

1.  M.  de  Luc's  Method. 

I.  Subtract  the  logarithm  «f  the  barometrical  height  at 
the  upper  station  from  die  logarithm  of  that  at  the  lower, 
and  count  the  index  and  four  first  decanal  figure*  of  the 
remainder  «a  fathoms,  the  rest  as  a  decimal  fraction.  Call 
this  the  elevation. 

II.  Note  the  different  temperatures  of  the  memny  at 
the  two  stations,'  and  the  mean  temperature.  Multiply 
the  logarithmic  expansion  corresponding  to  this  mean 
temperature  (in  Table  ft*,  p.  664.)  by  the  dsfiwenoe  of  the 
two  temperatures,  and  subtract  the  product  from  the  ele- 
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Yjtfaou.if 'the  barometer  bu  Jieen  coldest  at  the  upper  station, 
e  add  it     CalLthe  difference  or  the  sum  the  ap- 
i  elevation. 

III.  Note  the  differefloa  of  tb« :  taraparatuiea  of  the  air 
at  the  tiro  stations  by  a  detached  thermometer,  and  also  the 
mean  temperature  and  its  difference  from  88°.  Multiply 
this  difference  by  the  expansion  of  air  for  the  mean  tempe- 
rature, and  multiply  the  approximate  elevation  by  1  cfc 
this  product,  according  as  the  air  is  above  or  baUnr  32°; 
The  product  is, the  correal  deration  in  fathoms  and  deci- 


Example. 

Suppose  that  the  mercury  io  the  barometer  at  the  lower 
station  was  at  29,4  inches,  that  its  temperature  was  50°, 
and  the  temperatun?  of  the  .air  was  46 ;  and  let  the.  height 
of  the  mercury  at  the  upper  station  be  26,19  inches,  its 
t*juperature.  46,  and  the  temperature  of  the  an  89.     Thus 


we  bay? 


1.40834,78 
1,4012282 


i    .    Bkration  in-  fathoms  .  - 

IL  Expans.  for  48°  ,479 

.  .  Multiply  by       -  -  4 


611,1»1 


1,892 


Approximated  elevation 
III.  Eipaoa.  of  air  at  «" 
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Multiply  -  .  -  &69,**» 

By  1,0838 


Product  *•=  the  eu'Kit  etevntfnn         •  664,888 

9.     Sir  Gkoros  Sbvckburqh'ii  Method. 

I.  Redoes  Ike  barometric  heights  to  whit  they  would 
be  if  they  were  of  the  temperature  SIP. 

II.  The.  difference  of  the  logarithms  of  the  redwoed  ba- 
rometrical heights  will  give  the  approximate  elevation. 

III.  Correct  the  approximated  elevation  as  before. 

Same  Example. 

I.  Mean  expansion  for  1°  from  Table  A,  p.  659,  is 
0,000111, 

18°  x  0,000111  x  89,4  »  -           •         0,1019 

Subtract  this  from               -  -               «M 

Reduced  barometric  height  -         -         £9,341 

Expans.  from  Table  A,  p.  659,  is  0,000111. 
14°  *  0,000111  x  25,19  -  •  0,089 

Subtract  from  ...  115,190 

Reduced  barometric  height  -        -        25,151 

II  Log.  S9,S41  .  .  -         0.4W4749 

Log.  95,161  -  .  -         1,4005513 


Approximated  elevation  -  669,196 

III.  This  multiplied  by  1,0238,  gives         -         685,185 


Remark  1.  If  0,000101  be  supposed  the  meane 
of  mercury  for  1°,  as  Sir  George  Shuckbuigh  4 
it,  the  reduction  of  the  barometric  heights  will  be  had  suf- 
ficiently exact  by  multiplying  the  observed  heights  of  the 
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mercury  by  the  difference  of  its  temperatures  firom,  32,  and 
cutting  off  four  more  decimal  places ;  thus  29,4  TTvjfjji 

gives  for  the  reduced  height  29,347,  and  85,19  X  iqqqq 
gnu  8&,l65t  and  the  difference  of  their  logarithms  gives 
BfiEM  Sashc-ms  for  the  approximated  elevation,  which  dif- 
fers from  the  cue  given  above  by  no  mora  than  15  inches. 

Remark  2,  If  0,0024  be  taken  for  the  expansion  of  air 
for  one  degree,  the  correction  for  this  expansion  will  be  had 
tap  multiplying  the  approximated  elevation  by  IS,  and  this 
product  by  the  sum  of  the  differences  of  the  temperatures 
frum  OS",  counting  that  difference  as  negative,  when  the 
temperature  is  below  32,  and  cutting  off  fi»ur  places  i  thus 


ed  to  669,196  gives  685,257,  differing  from  the  .former 
only  9  inches. 

From  the  same  premises  we  may  derive  a  rule,  which  is 
abundantly  exact  for  all  geodseticai  purposes,  and  which 
requires  no  tables  of  any  kind,  and  is  easily  remembered. 

1.  The  height  through  which  we  must  rise  in  order  to 
produce  any  fall  of  the  mercury  in  the  barometer,  is  in- 
versely proportional  to  the  density  of  the  air,  that  is,  to  the 
height  of  the  mercury  in  the  barometer. 

2.  When  the  barometer  stands  at  30  inches,  and  the  air 
and  quicksilver  are  of  the  temperature  82,  we  must  rise 
through  67  feet,  in  order  to  produce  a  depression  of  -?B  of 
an  inch. 

8-  But  if  the  air  be  of  a  -different  temperature,  this  87 
feet  must  be  increased  or  diminished  by  0,21  of  a  foot  for 
every  degree  of  difference  of  the  temperature  from  32°. 

4.  Evexy  degree  of  difference  of  the  temperatures  of  the 
mercury  at  the  two  stations  makes  a  change  of  2,833  feet, 
or  g.  feet  10  inches  in  the  elevation. 
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Hence  the  following  rule : 

1.  Take  the  difference  of  the  barometric  heights  in  tenth* 
of  an  inch.     Call  this  d. 

8.  Multiply  the  difference  a  between  32,  and  the  mean 
temperature  of  the  air  by  £1 ,  and  take  the  sum  or  differ- 
ence of  this  product  and  87  feet.  This  is  the  bright 
through  which  we  must  rise  to  cause  the  barometer  to  fall 
from  SO  inches  to  88,9.     Call  this  height  h. 

Let  m  be  the  mean  between  the  two  barometric  heights. 

Then is  the  approximated  elevation  very  nearly. 

Multiply  the  difference  *  of  the  mercurial  temperatures 
by  £J8&  feet,  and  add  this  product  to  the  approximated 
elevation  if  the  upper  barometer  has  been  die  warmest, 
otherwise  subtract  it.  The  result,  that  is,  the  sum  or  dif- 
ference, will  be  the  corrected  elevation. 


Same  Example. 

d  =  894  —  251,9  =  48,1 

A  =  87  +  10  x  0,81,  =  89,1 

29,4  +  25.19       „  „ 
m=  g -  =  87,29 

.       .          30  X  48,1  X  89,1        „M  mt  , 
Appro*,  elevation  = Wffg~    >  ■*  «*3#4  feet 

'  Corr.  for  temp,  of  mercury,  =  4  x  2,83  11,38 


Corrected  elevation  in  feet         -         ■         4111,98 
Ditto  in  fathoms        ...  685,32 

Differing  from  the  former  only  15  inches. 

This  rule  may  be  expressed  by  the  following  simple  and 
easily-remembered  formula,  where  a  is  the  difference  be- 
tween 38°  and  the  mean  temperature  of  the  air,  &'u  the  dif- 
ference of  barometric  heights  in  tenths  of  an  inch,  tu  is  the 
mean  barometric  height,  *  the  difference  between  the  mer- 
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curio]  temperatures,  and  K  is  tbe  correct  elevation.    E  = 

We  sfajdl  now  conclude  this  subject  by  an  account  of 
some  of  tire  most  remarkable  mountains,  ice-  on  the  earth, 
above  the  surface  of  tbe  ocean,  in  feet. 


Mount  Puy  tie  Domini;  in 
Auvergne,  the  fint  moun- 
tain measured  by  the  ba- 
rometer      5197 

Mount  Blanc  ■  .  ~J  .  l&tu 
Monte  Rosa  .  .  I  .  150B* 
Aiguille  d'Argentun  >Alp»  13409 
Monastery  of  St  Ber-I 

uard  ....).  7044 
Mount  Ceuia  ....  9*1* 
Pic  de  Ioe  Reyes)  .  .  .  7BS0 
Pie  du  Medi       [  0300 

Ficd'Oasano  /l7Teneo,  (1700 
Cmegtm  .  .  J  .  .  .  84*4 
Lake  of  Geneva  .  ...  1S3S 
Mount  Jtea  ....  109S3 
Mount  Vesuvius  .  .  .  3838 
Mount  Heda  in  Iceland  4300 
Snowdown 3571 


Ben  La  were       .     . 

.     .       4015 

Ben  Lomond     .     . 

.     .       3240 

Cuim-gorm        .     . 

.     .       40M 

Table  Hill,  Cape  of  Good 

Hope 345* 

Gondar  City  in  Abyssinia  8440 
Source  of  the  Nile  .  .  SOBS 
PicofTeneriffe      .     .     .     14021 


ChlmboTBcon    - 
Cajrasubourow 

Pichinha      .    . 
City  of  Quito 


«440 
10391 

18140 
1S670 
99T7 


Caspian  Sea  below  the  Ocean    300 


This  last  is  so  singular,  that  it  is  necessary  to  give  the  au- 
thority on  which  this  determination  is  founded.  It  is  de- 
duced from  nine  years1  observations  with  the  barometer  at 
Astrakan  by  Mr  Lecre,  compared  with  a  series  of  observa- 
tions made' with  tbe  same  barometer  at  St  Petersburg!). 

This  employment  of  the  barometer  has  caused  it  to  be- 
come a  very  interesting  instrument  to  the  philosopher  and 
to  tile  traveller;  and  many  attempts  have  been  made  of 
late  to  improve  it,  and  render  it  more  portable.  The  im- 
provements have  either  been  directed  to  the  enlargement 
of  its  range,  or  to  the  more  accurate  measurement  of  its 
present  scale.    Of  the  first  kind  are  Hooke's  wheel  baro- 
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meter,  the  diagonal  barometer,  and  nae  horiaontal  barome- 
ter, described  in  a  former  volume  of  this  work.  In  that 
place  are  also  described  two  very  ingenious  contrivances  of 
Mr  Rowniiigs,  which  are  evidently  not  portable.  Of  all 
the  barometers  with  an  enlarged  scale,  the  beat  is  that  in- 
vented by  Dr  Hooke  in  1668,  and  described  in  the  Phil. 
Trans.  No  185.  The  invention  was  also  claimed  by 
Buyghens  and  by  De  la  Hire ;  but  Hooke's  was  published 
long  before. 

It  consists  of  a  compound  tube  ABCDEFG  (Fig.  73.), 
of  which  the  parts  AB  and  DE  are  equally  wide,  and  EFG 
as  much  narrower  as  we  would  amplify  the  scale.  The 
parts  AB  and  EG  must  also  be  as  perfectly  cylindrical  as 
possible.  The  part  HBCDI  is  filled  with  mercury,  having 
a  vacuum  above  in  AB.  IF  is  filled  with  a  light  fluid, 
and  FG  with  another  light  fluid  which  will  not  mix  with 
that  in  IF.  The  cistern  G  is  of  the  same  diameter  as  AB. 
It  is  easy  to  see  that  the  range  of  the  separating  surface  at 
F  must  be  as  much  greater  than  that  of  the  surface  I  as 
the  area  of  I  is  greater  than  that  of  F.  .  And  this  ratio  is 
in  our  choice.  This  barometer  is  free  from  all  the  bad 
qualities  of  those  formerly  described,  being  most  delicately 
moveable;  and  is  by  far  the  fittest  for  a  chamber,  for 
amusement,  by  observations  on  the  changes  of  the  atmos- 
pheric pressure.  The  slightest  breeze  causes  it  to  rise  and 
fall,  and  it  is  continually  in  motion. 

But  this,  and  all  other  contrivances  of  the  kind,  are  in- 
ferior to  the  common  barometer  for  measurement  of  heights, 
on  account  of  their  bulk  and  cumbersomeness ;  nay,  they 
are  inferior  for  all  philosophical  purposes  in  point  of  accu- 
racy ;  and  this  for  a  reason  that  admits  of  no  reply.  Their 
scale  must  be  determined  in  all  its  parts  by  the  common 
barometer;  and  therefore,  notwithstanding  their  great  range, 
they  are  susceptible  of  no  greater  accuracy  than  that  with 
which  the  scale  of  a  common  barometer  can  be  observed 
and  measured.    This  will  be  evident  to  any  person  who 
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will  take  the  ttaoiUt  of  ccwaiderssg  bow  the  pouts  of  then- 
scale  most  be  ascertained.  The  most  accurate  method  for 
graduating  such  a  barometer  as  we  have  pew  described 
would  be  to  make  a  mixture  of  vitriolic  acid  and  water, 
which  should  have  ^  of  the  density  of  mercury.  Then, 
let  a  long  tube  stand  vertical  in  this  fluid,  and  connect  it* 
upper  end  with  the  open  end  of  the  barometer  by  a  pipe 
which  has  a  branch  to  which  we  can  apply  the  mouth. 
Then  if  we  suck  through  this  pipe,  the  fluid  will  rise  both 
in  the  barometer  and  in  the  other  tube ;  and  10  inches  rise 
in  this  tube  will  correspond  to  one  inch  descent  in  the  com- 
mon barometer.  In  this  manner  may  every  point  of  the 
scale  be  adjusted  in  due  proportion  to  the  rest  But  it 
still  remains  to  determine  what  particular  point  of  the  scale 
corresponds  to  some  determined  ineh  of  the  common  ba- 
jcoojtejer.  This  can  only  be  done  by  an  actual  comparison ; 
and  this  beingdone,thewlM)lebecomeaeqvuuJyaccurate.  Ex- 
cept therefore  for  the  mere  purpose  of  chamber  amusement, 
in  which  case  the  barometer  last  described  has  a  decided  pre- 
ference, the  common  barometer  is  to  be  preferred ;  and  our 
attention  should  fee  entirely  directed  to  its  improvement  and 
portability. 

For  this  purpose  it  should  be  furnished  with  two  mU 
cKMOopes,  or  magnifying  glasses,  one  of  them  stationed  at 
the  beginning  of  the  scale ;  which  should  either  be  move- 
able, so  that  U  way  always  be  brought  to  the  surface  of  the 
aserewy  W  Abe  cistern,  or  the  cistern  should  be  so  con- 
.  trived  that  its  surface  may  always  be  brought  to  the  be- 
ginning.of  the  scale.  The  glass  wilt  enable  us  to  see  the 
OWXadence  with  accuracy.  The  other  microscope  must  be 
jpovaabJe,  so  as  to  be  set  opposite  to  the  surface  of  the  mer- 
j*uy  in  the  tube;  and  the  scale  should  be  furnished  with  a 
vernier  which  divides  an  inch  into  1000  parts,  and  be  made 
of  materials  of  which  we  know  the  expansion  with  great 
precision.  ' 

Fqr  an  account  of  many  ingenious  contrivances  to  make 
the  instrument  accurate,  portable,  and  commodious,  consult 
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.  Magellan,  B6m#&  A.-*wr«St  fntir. ds  Phys. ;  PhU. 
Trans.  btvil.  Ixviii. ;  Journ.  de  Phys.  xix.  106.  946.  xvi. 
392.  xviii.  991. 100.  486.  -xxu.  990. ;  Sulzer,  Art.  Heir**. 
in.  JS89. ;  De  Luc,  Recfterdtet  mr  la  Modifications  & 
P Atmosphere,  i.  401.  .H.  4£9,  490.  De  Luc's  seem  die 
most  sample  and  perfect  of  them'  all.  Cardinal  de  Luynes 
(Mem.  Par.  1768);  De  Luc,  Recherche*,  §  63. ;  Van 
SwinuWs  Postpones  Physical ;  Com.  Acad.  Pttrop.  i. ; 
Com.  Acad.  Petrop.  Nov.  ii.  800.  viii. 

Thus  we  hare  given  an  elementary  account  of  the  dis- 
tinguishing properties  of  air  as-  a  heavy  and  compressible 
-fluid,  and  of  the  general  phenomena  which  are  immediate 
consequences  of  these  properties.  This  we  have  done  in  a 
set  of  propositions  analogous  to  those  which  form  the  doc- 
trines of  hydrostatics.  It  remains  to  consider  it  in  another 
point  of  view,  namely,  as  moveable  and  inert  The  phe- 
nomena consequent  on  these  properties  are  exhibited'  in  the 
velocities  which  air  acquires  by  pressure,  in  the  resistance 
which  bodies  meet  with  to  their  motion  through  the  air,  and 
in  the  impression  whkh  air  in  motion  gives  to  bodies  est* 
posed  to  its  action. 

-  We  shall  first  consider  the  motions  of  which  air  is  sus- 
ceptible when  the  equilibrium  of  pressure  (whether  arising 
from  its  weight  or  its  elasticity)  is  removed ;  and,  in  the 
next  place,  we  shall  consider  its  action  on  solid  bodies  ex- 
posed to  its  current,  and  the  resistance  which  it  makes  to 
their  motion  through  it 

In  this  consideration  we  shall  avoid  the  extreme  of  ge- 
nerality, which  renders  the  discussion  too  abstract  and  dif- 
ficult, and  adapt  our  investigation  to  the  circumstances  in 
which  compressible  fluids  (of  which  air  is  taken  for' the  re- 
presentative) are  most  commonly  found.  We  shall  consi- 
der air  therefore  as  it  is  commonly  found  in'  accessible  si- 
tuations, as  acted  on  by  equal  and  parallel  gravity ;  and  we 
shall  consider  it  in  the  same  order  in-  which1  water  is  treated 
in  a  system  of  hydraulics. 
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'  Id  that  science  the  leading  problem  h  to  determine  With 
what  velocity  the  water  will  move  through  a  given  orifioe 
when  impelled  by  some  known,  pressure ;  and  it  has  been 
found,  that  the  best  form  m  which  this  most  difficult  aud 
hiirieate  proposition  can  be  put^  is  to  determine  the  velocity 
of  water  flowing  through  this  orifice  when  impelled  by  its 
weight  alone.  Having  determined  this,  we  can  reduce '  to 
this  case  every' question  which  can  be  proposed;  for,  in 
place  of  the  pressure  of  any  piston  or  other  mover,  we  can 
always  substitute  a  perpendicular  column  of  water  or  air 
whose  weight  shall  be  equal  to  the  given  pressure. 

The  first  problem,  therefore,  is  to  determine  with  what 
velocity  sir  will  rash  into  a  void  when  impelled  by  its  weight 
alone.  This  is  evidently  analogous  to  the  hydraulic  prob- 
lem of  water  flowing  out  of  a  vessel. 

And  here  we  must  be  contented  with  referring  our  read- 
ers to  the  solutions  which  have  been  given  of  that  problem, 
and  the  demonstration  that  it  flows  with  the  velocity  which 
a  heavy  body  would  acquire  by  falling  from  a  height  equal 
to  die  depth  of  the  bole  under  the  surface  of  the  water  in 
the  vessel.  In  whatever  way  we  attempt  to  demonstrate 
that  proposition,  every  step,  nay,  every  word,  of  the  de- 
monstnbon  applies  equally  to  the  air,  or  to  any  fluid  what- 
ever. Or,  if  our  readers  should  wish  to  see  the  connexion 
or  analogy  of  the  cases,  we  only  desire  them  to  recollect  an 
undoubted  maxim  in  the  science  of  motion,  that-  when  the 
moving  Jbrce  and  the  matter  to  be  moved  vary  m  the  tame 
proportion,  the  velocity  mil  be  the  tame.  If  therefore  there 
be  similar  vessels  of  air,  water,  oil,  or  any  other  fluid,  all 
of  the  height  of  a  homogeneous  atmosphere,  they  will  all 
run  through  equal  and  similar  holes  with  the  same  velocity ; 
for  in  whatever  proportion  the  quantity  of  matter  moving 
through  the  hole  be  varied  by  a  variation  of  density,  the 
pressure  which  forces  it  out,  by  acting  in  circumstances 
perfectly  similar,  varies  in  the  same  proportion  by  the  same 
a  of  density. 
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We  must  therefore  assume  u  u  tie  leading  pnaxisitiori, 
that  «r  ruaAai  from  the  atmotphere  into  a  void  with  the 
velocity  which  a  heavy  bogy  would  acquire  by  Jailing  from 
the  top  qfa  liomogmeout  atmosphere. 

It  is  known  that  air  is  about  840  times  lighter  than  wav 
ter,  and  that  the  pressure  of  the  atmosphere  support*  wa- 
ter at  tin-  height  of  33  feet  nearly,  The  height  therefore 
of  a  homogeneous  atmosphere  i»  nearly  S3  x  840,  or  87790 
feet.  Moreover,  to  know  the  velocity  acquired  by  any  fall, 
recollect  that  a  heavy  body  by  falling  one  foot  acquires  the 
velocity  of  8  feet  per  second;  and  that  the  velocities  ac- 
quired by  falling  through  different  heights  are  a*  the  square 
roots  of  the  heights.  Therefore,  to  find  the  velocity  cor- 
responding  to  any  height,  expressed  in  feet  par  second,  nuaV 
tiply  the  square  root  of  the  height  by  8.  We  have  there- 
fore in  the  preset*  instance  V  =  8  «/87fla0,=»8  x  166,408, 
=  13S8  feet  per  second.  This  therefore  is  the  velocity 
with  which  common  air  wui  niah  into  a  void  i  sad  this  may 
be  taken  as  a  standard  number  in  pneumatics,  as  16  and 
88  are  standard  numbers  in  the  general  science  of  me- 
chanics, expressing  the  action  of  gravity  at  the  surface  of 
the  earth. 

It  is  easy  to  see  that  greater  precision  is  not  neceaaarr  in 
this  matter.  The  height  of  a  homogeneous  atmotphea*  is 
a  variable  thing,  depending  on  the  temperature  of  the  air. 
If  this  reason  seems  any  objection  against  the  use  of  the 
number  1388,  we  may  retain  8  j  H  in  place  of  it,  where 
H  expresses  the  height  of  a  homogeneous  atmosphere,  of 
the  given  temperature.  A  variation  of  .the  barometer 
makes  no  change  in  the  velocity,  nor  in  the  height  ef  the 
homogeneous  atmosphere,  because  it  is  acesrnpeaiod  >hy  a 
proportional  variation  in  the  density  of  the  air.  When  it 
is  increased  ^0,  for  instance,  the  density  is  also  increased 
TV ;  and  thus  the  expelling  force  and  the  natter  .to  be 
moved  are  changed  in  the  same  proportion,  and  the  velo- 
city remains  the  same.  N.  B.  We  do  notnere  consider  the 
5 

Digitized  bvG00g[e 


FNKOXATICS.  603 

velocity  which  the  air  acquires  after  kg  ifmiag  into  the 
void  by  its  continual  expansion.  Thia  may  be  ■■CCTtaioed 
by  die  99th  proposition  of  Newton's  Ptwipia,  b.  i.  Nay, 
which  appears  very  paradoxical,  if  a  cylinder  of  air,  com- 
municating in  thia  manner  with  a  void,  be  compressed  by 
a  puton  loaded  with  a  weight,  winch  presses  it  down  as  the 
air  flows  out,  and  thus  keeps  it  of  the  same  density,  the 
velocity  of  efflux  will  still  be  the  same,  however  great  the 
pressure  may  chance  to  be :  for  the  first  and  immediate 
effect  of  the  load  on  the  piston  is  to  reduce  the  air  in  the 
cylinder  to  such  a  density  that  its  elasticity  shall  exactly 
balance  the  load ;  and  because  the  elasticity  of  air  is  pro- 
portional to  its  density,  the  density  of  the  air  will  be  in- 
creased in  the  same  proportion  with  the  load,  that  is,  with 
the  expelling  power  (for  we  are  neglecting  at  present  the 
weight  of  the  included  air  as  too  inconsiderable  to  have  any 
sensible  effect.)  Therefore,  since  the  matter  to  be  moved 
is  increased  in  the  same  proportion  with  the  pressure,  the 
velocity  will  be  the  same  as  before. 

It  ts  equally  easy  to  determine  the  velocity  with  which 
the  air  of  the  atmosphere  will  rush  into  a  space  containing 
rarer  ah*.  Whatever  may  be  the  density  of  this  air,  its  elas- 
ticity, which  follows  the  proportion  of  its  density,  will  ba- 
lanoe  a  proportional  part  of  the  pressure  of  the  atmosphere ; 
aad  it  is  the  excess  of  this  last  only  which  is  the  moving 
force.  The  matter  to  be  moved  is  the  same  as  before.  Let 
1)  be  the  natural  density  of  the  air,  and  j  the  density  of  the 
air  contained  in  the  vessel  into  which  it  is  supposed  to  run, 
and  let  P  be  the  pressure  of  the  atmosphere,  and  therefore 
equal  to  the  force  which  impels  it  into  a  void ;  and  let  w  be 
the  force  with  which  this  rarer  air  would  run  into  a  void. 

P* 
We  have  D :  1  =  P :  »,  and  *  =  =r-.     "°w  t°*  moving 

p. '  - 

force  in  the  present  instance  is  P  —  -r,  or  P  —  - —  LastJy, 
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let  V  be  the  velocity  of  air  rushing  into  a  void,  and  v  the 
velocity  with  which  it  will  rush  into  this  rarefied  air. 

It  is  h  theorem  in  the  motion  of  fluids,  that  the  pressures 
are  as  the  squares  of  the  velocities  of  efflux.     Therefore 

P:P_  5  =  V,:»».    Hence  we  derive  p,=V,xl— Jy 

ando  =  Vx  1 — «(.  We  do  not  here  consider  the  re- 
sistance which  the  air  of  the  atmosphere  will  meet  with  from 
the  inertia  of  that  in  the  vessel  which  it  must  displace  in  its 
motion. 

Here  we  see  that  there  will  always 'be  a  current  into  the 
vessel  while  1  is  less  than  D. 

We  also  learn  the  gradual  diminution  of  the  velocity  as 
the  vessel  fills ;  for  *  continually  increases,  and  therefore 

1  —  j?  continually  diminishes. 

It  remains  to  determine  the  time  t  expressed  in  seconds, 
in  which  the  air  of  the  atmosphere  will  flow  into  this  vessel 
from  its  state  of  vacuity  till  the  air  in  the  vessel  has  ac-  ■ 
quired  any  proposed  density  >. 

For  this  purpose  let  H,  expressed  in  feet,  be  the  height 
through  which  a  heavy  body  must  fall  in  order  to  acquire 
the  velocity  V.  expressed  also  in  feet  per  second.  This 
we  shall  express  more  briefly  in  future,  by  calling  it  the 
height  producing  the  velocity  V.  Let  C  represent  the  ca- 
pacity of  the  vessel,  expressed  in  cubic  feet,  and  O  the 
area  or  section  of  the  orifice,  expressed  in  superficial  or 
square  feet ;  and  let  the  natural  density  of  the  air  be  D. 

Since  the  quantity  of  aerial  matter  contained  in  a  vessel 
depends  on  the  capacity  of  the  vessel  and  the  density  of  the 
air  jointly,  we  may  express  the  air  which  would  fill  thii 
vessel  by  the  symbol  CD  when  the  air  is  in  its  ordinary 
state,  and  by  C*  when,  it  has  the  density  J.  In  order  to 
obtain  the' rate  at  which  it  fills,  we  must  take  the  fluxion 
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of  this  quantity G j.  This  WO;  forC isaconstaulquan-. 
tity,  and }  is  a  variable  or  flowing  quantity. 

But  we  also  obtain  the  rate  of  influx  by  our  knowledge 
of  die  velocity,  and  the  area  of  the  orifice,  and  the  density. 
The  velocity  is  V,  or  8  ,/H,  at  the  first  instant,  and  when 
the  air  in  the  vessel  has  acquired  the  density ',  that  isj  at 

the  end  of  the  time  t,  the  velocity  is  8  4  H  Jl—-k>  or 

The  rate  of  influx  therefore  (which  may  be  conceived  as 
measured  by  the  little  mass  of  air  which  will  enter  during  the 

time  (  with  this  velocity)  will  be  -^ »   w 

8  J  HO  V D  VD  —  * i,  multiplying  the  velocity  by  the 
orifice  and  by  the  density. 

Here  then  we  have  two  values  of  the  rate  of  influx. 
By  stating  them  as  equal  we  have  a  nuxiooary  equation, 
from  which  we  may  obtain  the  fluents,  that  is,  the 
time  t  in  seconds  necessary  for  bringing  the  air  in  the 
vessel  to  the  density  *,  or  the  density  >  which  will  be 
produced  at  the  end  of  any  time  t.  We  have  the  equa- 
tion   SVHO^DvT) — it  —  C*.      Hence    we  derive  < 

^8^HOVi>Xv7fcv  Of  this  the  fluent  is  *  = 
'■aJHOTft  X  ♦'^"^  +  A,  in  which  A  is  a  conditional 
constant  quantity.  The  condition  which  determines  it  is, 
that  ( mast  be  nothing  when  )  is  nothing, :  that  is,  when 
VD-te^D;  for  this  is  evidently  the  case  at  the  begin- 
ning of  the  motion.  Hence  it  follows,  that  the  constant 
quantity  is  */Yi,  and  die  complete  fluent,  suited  to  the 
case,  is 
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Tfct  motion  ceases  when  tie  air  in  the  Tend  baa  ac- 
quired the  density  of  the  external  air  j  that  is,  w4»n  4  =* 

»,  or  when  *  =  i^j^Tj   X   «/D,  -   ^^5. 

Therefore  the  time   of  completely  filling  the  vemd  is 
C 

VHO' 

Lat  us  illustrate  this  by  an  example  hi  innribers. 

Supposing  then  that  air  ia  840  times  lighter  than  water, 
and  the  height  of  the  homogeneous  atmosphere  87720 
feet,  we  have  4^H=666.  Let  us  further  suppose  the 
vessel  to  contain  8  cubic  feet,  which  is  nearly  a  wine  hogs- 
head, and  that  the  hole  by  which  the  air  of  the  ordinary 
density,  which  we  shall  make  =  1,  enters  is  an  inch  square, 
or  Tlj  of  a  square  foot  Then  the  time  in  seconds  of  com- 
pletely filling  it  will  be  7  ggA  or  -ggg-.  or  1,7297*. 
If  the  hole  is  only  tJ  5  of  a  square  inch,  that  is,  if  its 
side  ia  !>„  of  «b  inch,  die  time  of  completely  ftling  the 
hogshead  will  be  173*  very  nearly,  or  something  less  than 


IF  we  make  the  experiment  with  a  bale  out  in  a  tain 
plate,  we  shall  find  the  time  greater  nearly  in  the  propor- 
tion of  63  to  100,  for  reasons  obvious  to  all  who  have 
studied  hydraulics.  In  like  manner  we  can  tell  the  time 
necessary  for  bringing  the  air  in  the  vessel  to  j  of  He  ordi- 
nary density.  The  only  variable  part  of  our  fluent  is  the 
co-efficient— '/ji— »,  or  VP.  Let  1  be  -s  £,  then 
VHr»=^/J=:i,andl-Vrzy=:  i;  and  the  time  ia  M? 
very  nearly  when  the  hole  is  ^„  of  an  inch  wide. 

Let  us  now  suppose  that  the  air  in  the  vessel  ABCD 
(Fig.  61.)  is  oampsesBsd  by  a  weight  acting  «a  the  cover 
AD,  which  is  namabk  down  the  vessel,  and  is  thus  ex- 
pelled into  the  extend  air. 

The  immediate  effect  of  this  external  pressure  is  to  com- 
press the  air  and  give  it  another  density.    The  density!) 
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of  the  external  ah*  corresponds  to  its  ptwsttre  P.  tettfae 
•dAknal  promote  on  the  cover  of  the  veiad  be  p,  and  the 
density  of  the  air  in  the  vessel  he  A    We  shall  have  Pi  P 

+  p  =  D:d;  and  therefore />==Px     =g~.      Then,    he. 

cause  the  pressure  which  expels  the  air  is  the  difference  be- 
tween the  foree  which  compresses  the  air  in  the  vessel  and 
the  force  which  compresses  the  external  air,  the  expelling . 
force  is^>.  And  because  the  quantities  of  motion  are  as 
the  forces  which  similarly  produce  them,  we  shall  have 

P:  Px  -jj-  —  MVifflp;  where M  and  * exprett  the 

quantities  of  matter  expelled,  V  expresses  the  velocity  with 
which  air  rushes  into  a  void,  and  v  expresses  the  velocity 
■ought  But  because  the  quantities  of  aerial  matter  which 
lame  nm  the  ««me  orifice  in  a  moment  are  as  the  densities 
attd  vwlecuue  jointly,  we  shall  have  MV  :  ao^DVV: 

dvv,  =  DV*  :  dV.    Therefore  P  :p  ^J?=Dt*:aV. 


Hence  we  deduce  f(=  V 


y^ 


We  may  have  another  expression  of  the  velocity  with- 
out considering  the  density.     We  had  P :  P  +p  =■-  D :  d : 

tfceMbn*-  £**S,  ud  d-D  =  5iLS  _  D, 
P  P  ^ 

„DxF+f— DP      ^    *-B<tDyP^-DP  __ 

*  '  *  DxP^J     '  " 

^f^T'  =/+r>  <Wbte„  =  V*  y^f-hieh 

U  a  very  simple  and  convenient  expression. 

Hitherto  we  have  considered  the  notion  of  ah-  as  pr*. 
doeed  by  its  weight  *>nly.  Let  as  now  consider  the  efleot 
rf  fa  elasticity. 

LetABCDCFig.  61.)be«vewel  containing  air  of  any 
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density  D..  f  This  air  is  in  a  stale  of  comprjassiqa ;  and  # 
the  compressing  force,  be removed,  it  will  expand,  and  its 
elasticity  will,  dimmish  along  with  its  deusity.  Its  elasticity 
in  any  state  is  measured  by  the  force  which  keeps  it  in  that 
state.  The  force  :which  keeps  common  air  in  its  ordinary 
density  is  the  weight  of  the  atmosphere,  and  is  the  same 
-  with  the  weight  of  a  column  of  water  .S3  feet  high.  If 
therefore  we  suppose  that  this  air,  instead  of  being  confined 
by  the  top  of  the  vessel,  is  pressed  down  by  a  moveable 
piston  carrying  a  column  of  water  33.  feet  high,  its  elasti- 
city will  balance  this  pressure'  as  it  balances  the  pressure 
of  the  atmosphere ;  and  as  it  is  a  fluid,  and  prqpagats* 
through  every  part  the  pressure  exerted  on  any  one  part, 
it  will  press  on  any  iKttle'  portion  of  the  vessel  by  its 
elasticity  in  the  same  manner  is  when  loaded  with  this 
column.  ' 

The  consequence  of  this  reasoning  is,  that  if  this  small 
portion  of  the  vessel  be  removed,  and.  thus  a  passage  be 
made  into  a  void,  the  ah-  will  begin  to  flow,  out  with  the 
same  velocity  with  which  it  would  flow  when  impelled  by 
its  weight  alone,  or  with  _  the  velocity  acquired  by  falling 
from  the  top  of  a  homogeneous' atmosphere,  or  1332  feet  in 
a  second  nearly. 

But  as  soon  as  some  air  has  come  out,  the  density  of 
the  remaining  air  is  diminished,  and  its  elasticity  is  dimi- 
nished ;  therefore  die  expelling  force  is  diminished.  But 
the  matter  to  be  moved .  is  diminished  in  the  very  same 
proportion,  because  the  density  and  elasticity  are  found 
to  Vary  according  to  the  same  law ;  therefore  the  velocity 
will  continue  the  same  from  the  beginning  to  the  endof  the 
efflux. 

This  may  be  seen  in  another  way.  Let  P  be  the  pres- 
sure of  the  atmosphere,  which  being  the  counterbalance 
and  measure  of  the  initial  elasticity,  is  equal  to  the  expel- 
ling force  at  the  first  instant.  Let  D  be  the  initial  density, 
and  V  the  initial  velocity.    Let  d  bo  its  density  at  the 
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end  of  the  time  t  of  efflux,  and  v  the  contemporaneous 
velocity.     It  is  plain  that  at  the  end  of  this  time  we  shall 

have  the  expelling  force  *  =  -rr- ;   for  D :  d  =  P  :  * 

Pd 


(=¥)■ 


These  forces  are  proportional  to  the  quantities  of  motion 
which  they  produce ;  and  the  quantities  of  motion  are  pro- 
portional to  the  quantities  of  matter  fiC  arid  m  and  the  ve- 
locities V  and  c  jointly :  therefore  we  have  P  :  -=r-=MV: 

m  v.    But  the  quantities  of  matter  which  escape  through 
a  given  orifice  are  as  the  densities  and  velocities  jointly  j 


s 

and  the  velocity  of  efflux  is  constant  Hence  follows,  what 
appears  very  unlikely  at  first  sight,  that  however  much  the 
air  in  the  vessel  is  condensed,  it  will  always  issue  into  a 
void  with  the  same  velocity. 

In  order  to  find  the  quantity  of  aerial  matter  which  will 
issue  during  any  time  (,  and  consequently  the  density  of 
the  remaining  air  at  the  end  of  this  time,  we  must  get  the 
rate  of  efflux.  In  the  element  of  time  <  there  issues  (by 
what  has  been  said  above)  the  bulk  S^HO  t  (for  the  velo- 
city V  is  constant) ;  and  therefore  the  quantity  8*/HO  d  u 
On  the  other  hand,  the  quantity  of  air  at  the  beginning  was 
CD,  C  being  the  capacity  of  the  vessel ;  and  when  the  air 
has  acquired  the  density  d,  the  quantity  is  C  rf,  and  the 
quantity  run  out  is  CD  —  Cd:  therefore  the  quantity 
which  has  run  out  in  the  time  t  must  be  the  fluxion  of 
CD—  Cd,  ot~Cj.     Therefore  we  have  the  equation 

DVHOcJi  =-Ci,  and  V  =  8=gL;  =  j^x 

d 
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The  fluent  of  this  «  t  =  g-^g  log"  *  ^^  fluent 
must  be  so  taken  that  J  may  be  —  o  when  d=  D.  There- 

C  D 

fore  the  correct  fluent  will  be  t  =  jr-jmi  log.  -pfbrlog. 

—  =  log  1,  =  o.    We  deduce  from  this,  that  it  require* 

an  infinite  time  for  the  whole  air  of  a  vessel  to  flow  out  of 
it  into  a  void.  N.  B. — By  log.  d,  &c.  is  meant  the  hyper- 
bolic logarithm  of  d,  &c. 

Let  us  next  suppose  that  the  vessel,  instead  of  letting 
out  its  air  into  a  void,  emits  it  into  air  of  a  less  density, 
which  remains  constant  during  the  efflux,  as  we  may  sup- 
pose to  be  the  case  when  a  vessel  containing  condensed 
air  emits  it  into  the  surrounding  atmosphere.  Let  the 
initial  density  of  the  air  in  the  vessel  be ',  and  that  of  the 
atmospere  D.     Then  it  is  plain  that  the  expelling  force  is 

P— ?5,  and  that  after  the  time  t  it  is  *?.—  *p.      We 


have  therefore  P  — 


PD  .  Pd      PD  . 


*V* :  d  o*.     Whence  we  derive  v 


=*sm 


From  this  equation  we  learn  that  the  motion  will  be  at 
an  end  when  d  =  D:  and  if  J  =  D  there  can  be  no  efflux 

To  find  the  relation  between  the  time  and  the  den- 
sity, let  H,  as  before,  be  the  height  producing  the  velo- 
city V.      The   height    producing   the  velocity  of  efflux 

v  must  be  H  X    ■  ,   and  the    little   parcel  of   air 

d*—I)  *^ 

.   which  will  flow  out  in  the  time  t  will  be  =  8„/HOdi 
»/  -r==ri.    On  the  other  hand,  it  is  =  —  C  j. 


Hence    we    deduce    the    fluxionary 

C*£rP.  x  "tl    ..-—»     The   fluent   of  this,    correct. 
8^/HOV1     Vd»— Dd 
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eti  so  as  to  nuke  J  =0  when  d  =  >,  is  t==^.*~D  v 

S^HCV* 

rag  the  efflux,    when   d=  D,  is  <  =  c«^— P    x  fog. 

Lastly,  Let  ABCD,  CFGH  (Fig.  82.)  be  two  vessels 
containing  airs  of  different  densities,  and  communicating 
by  the  orifice  C,  there  will  be  a  current  from  the  Teasel 
containing  the  denser  air  into  that  containing  the  rarer : 
suppose  from  ABCD  into  CFGfL 

Let  F  be  the  elastic  force  of  the  air  in  ABCD,  Q  its 
density,  and  V  its  velocity,  and  D  the  density  of  the  air  in 
CFGH.  And,  after  the  time  t,  let  the  density  of  the  air 
in  ABCD  be  q,  its  velocity  v,  and  the  density  of  the  air 
in  CFGH  be  >.     The  expelling  force  from  ABCD  will 

PD 

be  P  —  -  —  at  the  first  instant,  and  at  the  end  of  the 

time  t  it  will  be  -~ — jj-.      Therefore  we  shall  Hare 
P  —  -7T:t?—  S  =  QV*  :  ffV,  which  givea  b  =  V 


/M 


— i  ,  and  the  motion  will  cease  when  3  —  q. 

y(Q— D) 

Let  A  be  the  capacity  of  the  first  vessel,  and  B  that  of 

the  second.'    We  have  the  second  equation  AQ  +  BD  = 

A  j+B>,  and  therefore  »  =  Ai?T|2±BJ?.   Substituting 

this  value  of  *  in  the  former  value  of  v,  we  have  v  =  V  x 

/5IH3H|,  which  give,  the  reUtion 
»B(Q-D)  J     - 

between  the  velocity  v  and  the  density  q. 

In  order  to  ascertain  the  time  when  the  air  in  ABCD 

has  acquired  the  density  q,  it  will  be  convenient  to  abridge 


y5 
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the  work  by  som<i  substitutions.  Therefore  make  Q 
(B+A)  n  M,  BQD  +  BQ*  =  N,  BQ  —  BD  m  R  and 

«■=?■**  Then,  proceeding  as  before,  we  obtain  the. 
fluikmary  equation  8  VHOo  j/%~ N  i=  AQ— A?* 
=  — Ag  whence  i^^-^^^  >«,,?-    of  which 


Jqi—mq 


the  fluent)  completed  so  that  J  =r  •  when  g  =f  Q,  is  *  = 

AV&         .       /Q-,m+V(ty«Q)\ 
SVHO^M  *  "*  V.  S— ira+Vtfm?)/' 

Some  of  these  questions  are  of  difficult  solution,  and  they 
are  not  of  frequent  use  in  the  more  important  and  usual 
applications  of  the  doctrines  of  pneumatics,  at  least  in  their 
present  form.  The  cases  of  greatest  use  are  when  the  air 
is  expelled  from  a  vessel  by  an  external  force,  as  when  bel- 
lows are  worked,  whether  of  the  ordinary  form  or  consist- 
ing of  a  cylinder  fitted  with  a  moves,  b  lepiston.  This  last 
case  merits  a  particular  consideration;  and,  fortunately, 
the  investigation  is  extremely  easy. 

Let  AD,  Fig.  81.  be  considered  as  a  piston  moving 
downward  with  the  uniform  velocity^  and  let  the  area  of 
the  piston  be  n  times  the  area  of  the  hole  of  efflux,  then  the 
velocity  of  efflux  arising  from  the  motion  of  the  piston  will 
be  nf.  Add  this  to  the  velocity  V  produced  by  the  elas- 
ticity of  the  air  in  the  first  question,  and  the  whole  velocity 
will  be  V  +  nf.  It  will  be  the  same  in  the  others.  The 
problem  is  also  freed  from  the  consideration  of  the  time  of 
efflux.  For  this  depends  now  on  the  velocity  of  the  pis- 
ton. It  b  still,  however,  a  very  intricate  problem  to  as- 
certain the  relation  between  the  time  and  the  density,  even 
though  the  piston  is  moving  uniformly  ;  for  at  the  begin- 
ning of  the  motion  the  ah*  is  of  common  density.  As  the 
piston  descends,  it  both  expels  and  compresses  the  air,  and 
the  denaty  of  the  air  in  the  vessel  varies  in  a  very  intricate 
manner,  as  also  its  resistance  or  reaction  on  the  piston. 

Digitized  9y  G00g[e 


KMVMAlld.  693 

For  this  reason,  a  piston  which  motes  uattbrraly  by  means 
of  an  extern*!  force  will  never  make  an  uniform  blaat  by 
successive  strokes ;  it  will  always  be  weaker  at  the  begin- 
ning of  the  stroke.  The  best  way  for securing  an  uniform 
blast  is  to  employ  the  external  fort*  only  for  lifting  up  the 
piston,  and  then  to  let  the  piston  descend  by  its  awn  weight. 
la  this  way,  it  will  quickly  sink  down,  compressing  the  air, 
tSl  its.  density  bad  corresponding  elasticity  exactly  balance 
the  weight  of  the  piston.  After  this  the  piston  will  descend 
equably,  and  the  blast  will  be-  uniform.  These  observa- 
tions and  Theorems  will-serve  to  determine  tbe\lnitiel  veto* 
city  of  the  air  in  all  important  case*  of  its  expulsion.  The 
philosopher  will  learn  the  rate  of  its  efflux  out  of  one  tea- 
sel into  another;  the  chemist  Will  be  able  to  calculate  the 
quantities  of  the  different  gases  Which  are  employed  in  the 
curious  experiments  of  the  ingenious  but  unfortunate  La* 
voisier  on  Combustion,  and  will  find  them  extremely  differ, 
cut  from  what  he  supposed ;  the1  engineer  will  lean  how 
to  proportion  the  motive  force  of  this  machine  to  uSe  quau» 
nay  of  aerial  matter  which  his  bellows  must  supply.  But 
it  is  not  enough,  for  this  purpose,  that  the  sir  begin  to  is- 
sue in  the  proper  quantity ;  we  must  see  whether  it  be  not 
affected  by  the  circumstances  of  its  subsequent  passage. 

All  the  modifications  of  motion  which  are  observed  in 
Water  conduits  take  place  also  in  the  passage  of  air  through 
pipes  and  holes  of  all  kinds.  There  is  the  same  diminu- 
tion of  quantity  passing  through  a  hole  in  a  thin  plate  that 
is  observed  in  water.  We  know  that  (abating  the  small  ef- 
fect of  friction)  water  issues  with  the  velocity  acquired  by 
ailing  from  the  surface ;  and  yet  if  we  calculate  by  this 
velocity  and  by  the  area  of  the  orifice,  we  shall  find  the 
quantity  of  water  deficient  nearly  in  the  proportion  of  63 
to  100.  This  is  owing  to  the  water  pressing  towards  the 
orifice  from  all  sides,  which  occasions  a  contraction  of  the 
jet.  The  same  thing  happens  in  the  efflux  of  air.  Also 
the  motion  of  water  is  greatly  impeded  by  ail  extractions 
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of  iti  passage.  These  oblige  it  to  accelerate  its  velocity,  and 
therefore  require  an  increase  of  pressure  to  force  it  through 
them,  and  this  in  proportion  to  the  squares  of  the  veloci- 
ties. Thus,  if  a  machine  working  a  pump  caoaea  it  to  giro 
a  certain  number  of  strokes  in  a  minute,  it  will  deliver  s 
determined  quantity  of  water  in  that  time.  Should  it  lum- 
pen that  the  passage  of  the  water  is  contracted  to  one  half 
in  any  part  of  the  machine  (a  thing  which  frequently  hap- 
pens at  the  valves),  the  water  must  move  through  this  con- 
traction with  twice  the  velocity  that  it  has  in  the  rest  of  the 
passage.  This  will  require  four  times  the  force  to  be  ex- 
erted on  the  piston.  Nay  (which  will  appear  very  odd, " 
and  is  never  suspected  by  engineers),  if  no  part  of  the  pas- 
sage is  narrower  than  the  barrel  of  the  pump,  but  on  the 
contrary  a  part  much  wider,  and  if  the  conduit  be  again 
contracted  to  the  width  of  the  barrel,  an  additional  force 
must  be  applied  to  the  piston  to  drive  the  water  through 
this  passage,  which  would  not  have  been  necessary  if  the 
passage  had  not  been  widened  in  any  part.  It  will  require 
a  force  equal  to  the  weight  of  a  column  of  water  of  the 
height  necessary  for  communicating  a  velocity  the  square 
of  which  is  equal  to  the  difference  of  the  squares  of  the  ve- 
locities of  the  water  in  the  wide  and  the  narrow  part  of  the 
conduit 

The  same  thing  takes  place  in  (he  motion  of  air,  and 
therefore  all  contractions  and  dilatations  most  be  carefully 
avoided,  when  we  want  to  preserve  the  velocity  unim- 
paired. 

Air  also  suffers  the  same  retardation  in  its  motion  along 
pipes.  By  not  knowing,  or  not  attending  to  that,  engi- 
neers of  the  first  reputation  have  been  prodigiously  disap- 
pointed in  their  expectations  of  the  quantity  of  air  which 
will  be  delivered  by  long  pipes.  Its  extreme  mobility  and 
lightness  hindered  them  from  suspecting  that  it  would  suf- 
fer any  sensible  retardation.  Dr  Papin,  a  most  ingenious 
man,  proposed  this  as  the  most  effectual  method  of  trans- 
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feniug  the  action  of  a  moving  power  to  a  great  distance.' 
Suppose,  for  instance,  that  it  was  required  to  raise  water 
out  of  amine  by  a  water-machine,  and  that  there  was  no 
fall  of  water  nearer  than  a  mile's  distance.  He  employed 
this  water  to  drive  a  piston,  which  should  compress  the  air 
in  a  cylinder  communicating,  by  a  long  pipe,  with  another 
cylinder  at  the  month  of  the  mine.  This  second  cylinder 
had  a  piston  in  it,  whose  rod  was  to  give  motion  to  the 
pumps  at  the  mine.  He  expected,  that  as  soon  as  the  pis; 
ton  at  the  water-machine  bad  compressed  the  air  miffdent- 
ly,  it  would  cause  the  air  in  the  cylinder  at  the  mine  to 
force  up  its  piston,  and  thus  work  the  pumps., "  Dr  Hooke 
made  many  objections  to  the  method  when  laid  before  the 
Royal  Society,  and  it  was  much  debated  there. '  But  dy- 
nasties was  at  this  time  an  infant  science,  and  very  little 
understood.  Newton  had  not  then  taken  any  part  in'  the 
business  of  the  society,  otherwise  the  true  objections  would 
not  have  escaped  his  sagacious  mind.  Notwithstanding 
Papin's  great  reputation  as  an  engineer  and  mechanic,  he 
could  not  bring  his  scheme  into  use  in  England ;  but  af- 
terwards, in  France  and  in  Germany,  where  he  settled,  he 
got  some  persons  of  great  fortunes  to  employ  him  in  this 
project ;  and  he  erected  great  machines  in  Auvergne  and 
Westphalia  for  draining  mines.  But,  so  far  from  being  ef- 
fective machines,  they  would  not  even  begin  to  move.  He 
attributed  the  failure  to  the  quantity  of  air  in  the  pipe  oi 
communication,  which  must  be  condensed  before  it  can  con- 
dense the  sir  in  the  remote  cylinder.  This  indeed  is  true,* 
and  he  should  have  thought  of  this  earlier.  He  therefore 
diminished  the  size  of  this  pipe,  and  made  bis  water-mar 
chine  exhaust  instead  of  condensing,  and  had  no  doubt  but 
that  the  immense  velocity  with  which  air  rushes  into  a  void 
would  make  a  rapid  and  effectual  communication  of  power. 
But  he  was  equally  disappointed  here,  and  the  machine  at 
the  mine  stood  still  as  before. 
Near  a  century  after  this,  a  very  intelligent  engineer  at-' 
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tenanted  a  Fauch  mm  feasible  thug  rf  this  kind  at  an  iron, 
foandery  in  Wale*.  He  emoted  a  machine  at  a  powerful 
fall  of  water,  which  worked  a  set  of  cylinder  bellows,  the 
blow-pipe  of  which  vu  mwHiytnH  to  the  distance  of  a  nils 
*od  a  half,  where  it  was  applied  to  a  blast  furnace.  But 
■gtwjthflfcMiding  every  care  to  make  the  conducting  pipe 
very  air-tight,  of  great  bub,  and  at  smooth  ai  possible,  it  > 
would  hardly  blow  out  a  candle.  The  .failure  was  aacrab. 
ed  ta  the  impossibility  oi' making  the  pipe  air-tight.  Bat, 
what  wu  aurprisiag,  above  tea  minutes  ohspsid  after  the 
action  of  the.  pistons  ta  ike  bellows  before  the  kaat  wind 
could  be  perceived  at  the  end  of  the  pipe ;  whereas  the  en- 
gineer expected  an  interval  of  6  seconds  only. 

No  very  distinct  theory  caa.be  delivered  on  this  subject; 
but  we  may  derive  considerable  assistance  in  uawawwaasw 
vug  thexauses  of  the  obstruction  to  the  motion  of  water  in 
hmg  pipes,  by  considering  what  happens  to  air.  The  elas- 
ticity of  the  air,  and  its  gnat  compressibility,  have  given 
us  the  disBJnetast  notions  of  fluidity  in  general,  showing  as, 
in  a  way  that  can  hardly  be  controverted,  that  the  parti- 
cles of  a  fluid  are  kept  at  a  distance  from  each  other,  aad 
from  other  bodies,  by  the  corpuscular  forces.  We  shall 
therefore  take  this  opportunity  to  gree  a  view  of  the  sub- 
ject, which  did  not  occur  to  ua  when  treating  of  the  motion 
of  water  in  pipes,  reserving  a  further  discussion  te  the  ar- 
ticles Bivkb,  Wawrwobjes. 

The  writers  on  hydrodynamics  have  always  caaawJwMa1 
the  obstruction  to  the  motion  of  fluids  aloag  canals  of  any 
kind,  as  owing  to  something  like  the  friction  by  which  the 
motion  of  sand  bodies  on  each  other  is  obstructed  ;  but  we 
cannot  form  to  ourselves  any  distinct  notion  of  resnnbiaaee, 
or  even  analogy,  between  them.  The  fact  is,  however,  that 
a  fluid  running  along  a  canal  has  its  motion  obatructsd  i 
and  that  this  obstruction  is  greatest  in  the  immediate  vici- 
nity of  the  solid  canal,  and  gradually  diminishes  to  the 
middle  of  the  stream.     It  appears,  therefore,  that  the  parts 
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sfnHmfocan.no  wo«  more  among  otch  othanhw  MW»g 
solid  bodies,  without  suffering  a  diminution,  ©f  their  mor 
one.  The  parti  in  phyaioal  contact  with  the  sides  and 
bottom  .we  retarded  by  these  uonaorwibie  bodies.  The 
particles  of  the  next  stratum  of  fluid  cannot  preserve  their 
mttial  velooisiei  without  overpassing  the  partielea  of  the 
first  stratum ;  And  it  appeal*  faro  the  fact  that  they  are 
by  this  means  retarded.  They  retard  in  the  wme  manner 
the  partkhM  of  the  third  stratum,  and  an  on  to  the  middle 
stratum  or  thread  of  fluid.  It  appear*  from  the  fast, 
therefore,  that  this  sort  ef  friction  ia  not  a  conaequeMe  of 
rigidity  alone,  but  that  it  ia  equally  competent  to  fluid* 
Nay,  since  it  u  a  matter  of  fact  in  air,  and  is  even,  more 
remarkable  there  man  ia  any  other  fluid,  as  we  shall  are  by 
the  experiments  which  hare  been  made  on  the  subject; 
and  aa  oar  experiments  on  the  eompneaion  of  air  show  us 
the  partichM  of  air  ten  times  nearer  to  each  other  in  some 
oaaea  than  in  others  (lis.  when  we  see  air  a  thousand  times 
denser  in  these  cases),  and  therefore  three  us  to  acknow- 
ledge that  they  are  not  in  contact ;  it  is  plain  that  this  ob- 
struction has  no  analogy  to  friction,  which  supposes  rough* 
nee*  or  inequality  of  surface.  No  such  inequality  can  be 
supposed  in  the  surface  of  an  aerial  particle ;  nor  would  it 
be  of  any  service  in  explaining  the  obstruction,  since  the 
particles  do  not  rub  on  each  other,  but  pass  each  other  at 
seme  small  and  imperceptible  distance. 

We  most  therefore  hare  recourse  to  some  other  mode  of 
enpskanon.  We  shall  apply  this  to  air  only  in  this  place; 
and;  since  it  is  proved  by  the  uncontrovertible  experiments 
of  Canton,  Zimmerman,  and  others,  that  water,  mercury,' 
oil,  fee.  are  also  compressible  and  perfectly  elastic,  the  ar- 
giimsnt  from  this  principle,  which  »  conclusive  in  air,  must 
equally  explain  the  similar  phenomenon  in  hydraulics. 

The  most  highly-polished  body  which  we  know  must  be 
asracesved  as  having  an  uneven  surface  when  we  compare  it 
with  the  small  spaces  in  which  the  corpuscular  forces  are 
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exerted ;  and  a  quantity  of  air  moving  in  a  polished  pipe 
may  be  compared  to  a  quantity  of  small  shot  sliding  dowa 
a  channel  with  undulated  aides  and  bottom.  The  row  of 
particles  immediately  contiguous  to  the  sides  will  therefor* 
have  an  undulated  motion :  but  this  undulation  of  the  con- 
tiguous particles  of  air  will  not  be  so  great  as  that  of  the 
surface  along  which  they  glide ;  for  not  only  every  motion 
requires  force  to  produce  it,  but  also  every  change  of  mo- 
tion. The  particles  of  air  resist  this  change  from  a  rceuV 
lineal  to  an  undulating  motion ;  and,  being  clastic,  that  is, 
repelling  each  other  and  other  bodies,  they  keep  a  little 
nearer  to  the  surface  as  they  are  pasting  over  as  eminence, 
and  their  path  is  less  incurvuted  than  the  surface.  -The 
difference  between  the  motion  of  the  particles  of  air  and  the 
particles  of  a  fluid  quite  unelastic  is,  in  this  rcspeot,  some- 
what like  the  difference  between  the  motion  of  asprmg- 
carriage  and  that  of  a  common  carriage.  When  the  com- 
mon carriage  passes  along  a  road  not  perfectly  smooth,  the 
line  described  by  the  centre  of  gravity  of  the  carriage  keeps 
perfectly  parallel  to  that  described  by  thews  of  the  wheels, 
rising  and  falling  along  with  it.  Now  let  a  spring  body  be 
put  on  the  same  wheels  and  pass  along  the  same  road. 
When  the  axis  rises  over  an  eminence  perhaps  half  an  inch, 
sinks  down  again  into  the  next  hollow,  and  then  rises  a  se-  , 
cond  time,  and  so  on,  the  centre  of  gravity  of  the  body  de- 
scribes a  much  straighter  line ;  for  upon  the  rising  of  the 
wheels,  the  body  resists  the  motion,  and  compresses  the 
springs,  and  thus  remains  lower  than  it  would  .have  been 
had  the  springs  not  been  interposed.  In  like  manner,  it 
does  not  sink  so  low  as  the  axle  does  when  the  wheels  go 
into  a  hollow.  And  thus  the  motion  of  spring-carriages 
becomes  less  violently  undulated  than  the  road  along  which 
they  pass.  This  illustration  will,  we  hope,  enable  the 
reader  to  conceive  how  the  deviation  of  the  particles  next 
to  the  aides  and  -bottom  of  the  canal  from  a  rectilineal  mo- 
tion is  less  than  that  of  the  canal  itself. 
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It  i»  evident  that  the  same  reasoning  will  puree  that  the  ■ 
ondulation  of -the  next  row  of  particles  will  be  less  dun 
that  of  the  first,  that  the  undulation,  of  the  third  row  will 
be  less  than  that  of  the  second,  and  so  on,  as  ia  repre- 
sented in  fig.  83.  And  thus  it  appears*  that  while  the 
mass  of  air  has  a  progressive  motion  along  the  pipe  A 
canal,  each  particle  is  describing  a -waving  line,  of  which  a 
Use  parallel  to  the  direction  of  the,  canal  ia  the  axis,  cuU 
.  ting  all  these  uadulatioos. :  This  axis  of  each  uuduiajed 
path  will  be  straight  or  cnrred  as:the  canal  is,  and  the.es> 
euvsknt  of  the  path  on.- each  side  of  its  axis  w*u  be  less  and 
less  as  the  axis  of  the  path  ia  nearer  to  .the  axis. of  the 
canal. 

Let  us  now  see  what  sentible  effect  this  wilt  have  s  foe 
all  the  motion  which  we  here  speak  of  is  imperceptible, :  It 
ia  demonstrated  in  mechanics,  that  .if  a  body  moving  with 
any  velocity  be  deflected  from  its  rectilineal  path  bya  curv- 
ed, and  perfectly  smooth  channel,  to  which  the  rectilineal 
path  is  a  tangent,  it  will  proceed  along  this  channel  with 
undiminished  velocity.  Now  the  path,  in  the  present  ease, 
may  be  considered  as  perfectly  smooth,  since  the  particles 
do  not  touch  it.  It  is  one  of  the  undulations  which  we  are 
considering,  and  we  may  at  present  conceive  this  as  with- 
out any  subordinate  inequalities.  There  should  not,  there- 
fore, be  any  diminution  of  the  velocity.  Let  us  grant  this 
of  the  absolute  velocity  of  the  particle;  but  what  we  ob- 
serve is  the  velocity  of  the  mass,  and  wc  judge  of  it  per- 
haps by  the  motion  of  a  feather  carried  along  by  it.  Let 
us  suppose  a  single  atom  to  be  a  sensible  object,  and  let  us 
attend  to  two  such  particles,  one  at  the  side,  and  the  other 
in  the  middle :  although  we  cannot  perceive  the  undula- 
tions of  these  particles  during  their  progressive  motions,  we 
see  the  progressive  motions  themselves.  Let  us  suppose 
then  that  the  middle  particle  has  moved  without  any  un- 
dulation whatever,  and  that  it  has  advanced  ten  feet  The 
lateral  particle  will  also  have  moved  ten  feet ;  but  this  has 
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not  befln  in  a  straight  line,  It  will  net  he  bo  fat  advanced, 
therefore,  in  the  direction  of  the  canal;  it  will  be  left  be- 
hind, and  will  appear  to  us  to  have  been  retarded  in  its 
motion  i  and  in  like  manner  each  thread  of  particles  will  be 
more  and  more  retarded  (apparently  only)  as  it  leoedes  far- 
ther from  the  axis  of  the  canal,  or  what  ia  usually  called 
the  thread  of  the  *trewu. 

And  thus  the  observed  net  w  shown  to  be  a  nnuiamy 
consequence  of  what  we  know  to  be  the  nature  of  a  cwn- 
presribU  or  elastic  fluid ;  and  thai  without  supposing  any 
cuminution  is  the  real  velocity  of  each  particle,  then  will 
be  a  diminution  of  the  velocity  of  the  sensible  thread*  of 
the  general  stream,  and  a  diminution  of  the  whole  quantity 
of  air  which  passes  along  it  during  a  given  time. 

Let  us  now  suppose  a  parcel  of  air  impelled  along  «  pipe, 
which  ia  perfectly  smooth,  out  of  a  larger  Teasel,  and  ieiu- 
ing  from  this  pipe  with  a  certain  velocity.  It  requires  a 
certain  force  to  change  its  velocity  in  the  venal  to  the 
greater  velocity  which  it  has  in  the  pipe.  This  is  aband. 
sntly  demonstrated.  How  long  soever  we  suppose  this 
pipe,  there  will  be  no  change  in  the  velocity,  or  in  the 
force,  to  keep  it  up.  But  let  us  suppose,  that  about  the 
middle  of  this  pipe  there  is  a  part  of  it  which  has  suddenly 
got  an  undulated  surface,  however  hapercaptible.  Let  as 
further  suppose  that  the  final  velocity  of  the  middle  thread 
is  the  same  as  before.  In  thai  case,  it  is  evident  that  the 
sum-total  of  the  motions  of  all  the  particles  is  greater  than 
before,  because  the  absolute  motions  of  the  lateral  particles 
is  greater  than  that  of  the  central  particle,  which  we  sup- 
pose  the  same  as  before.  This  absolute  increase  af  motion 
cannot  he  without  an  increase  of  propelling  force:  the  force 
acting  now,  therefore,  must  be  greater  than  the  force  act 
ing  formerly.  Therefore,  if  only  the  former  force  had  con- 
tinned  to  act,  the  same  motion  of  the  central  partiek  could 
not  have  been  preserved,  or  the  progressive  motion  of  the 
whole  stream  must  be  diminished. 
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And  thin  we  aee  that  this  internal  msentsble  untlulatory 
motion  becomes  *  real  obstruction  to  the  sensible  motion 
which  we  observe,  and  occasions  an  expense  of  power. 

Let  us  see  what  will  be  the  consequence  of  extending 
this  obstructing  surface  further  along  the  canal.  It  must 
evidently  be  accompanied  by  an  augmentation  of  the  mo- 
tion produced,  if  the  central  Telocity  be  still  kept  up;  for 
the  particles  which  are  now  in  contact  with  the  sides  do  not 
continue  to  occupy  that  situation:  the  middle  particles  mov- 
ing  fasfer/onsord  get  over  them,  and  in  their  turn  oomc  next 
the  aide ;  and  aa  they  are  really  moving  equally  fast,  hot  not 
in  the  direction  into  which  they  are  now  to  be  forced,  force 
is  necessary  far  changing  the  direction  also ;  and  this  is  in 
addition  to  the  force  necessary  for  producing  the  undula- 
tions so  minutely  treated  of.  The  consequence  of  this  must 
be,  that  an  additional  force  will  be  necessary  for  preserv- 
ing a  given  progressive  motion  m  a  longer  obstructing  pipe, 
and  that  the  motion  produced  in  a  pipe  of  greater  length 
by  a  given  force  will  be  less  than  in  a  shorter  one,  and  the 
efflux  will  be  diminished. 

There  is  another  consideration  which  must  have  an  in- 
fluence here.  Nothing  is  more  urefiagably  demonstrated 
than  die  necessity  of  an  additional  force  for  producing  an 
efflux  through  any  contraction,  even  though  it  should  be 
succeeded  by  a  dilatation  of  the  passage.  Now  both  the 
inequalities  of  the  sides  and  the  undulations  of  the  motions 
of  each  particle  are  equivalent  to  a  succession  of  contrac- 
tions and  dilatations ;  although  each  of  these  is  next  to  in- 
finitely small  i  their  number  is  also  next  to  infinitely  great, 
and  therefore  the  total  effect  may  be  sensible. 

We  have  hitherto  supposed  that  the  absolute  velocity  of 
the  particles  was  not  diminished  :  this  we  did,  having;  as- 
sumed that  the  interval  of  each  undulation  of  the  "idea  waa 
without  inequalities.  But  this  was  gratuitous  :  it  was  also 
gratuitous  that  the  sides  were  only  undulated.  We  have 
no  reason  for  excluding  angular  asperities.    These  will 
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produce,  and  most  certainly  often  produce,  real  diminu- 
tions in  the  velocity  of  the  contiguous  particles;  and  this 
must  extend  to  the  very  axis  of  the  canal,  and  produce  ■ 
diminution  of  the  sum  total  of  motion :  andin  order  to  pre- 
serve the  same  sensible  progressive  motion,  a  greater  force 
must  be  employed.  This  is  all  that  can  be  meant  by  say- 
ing that  there  is  a  resistance  to  the  motion  of  air  through 
long  pipes. 

-  -  There  remains  another  cause  of  diminution,  vis.  the 
want  of  perfect  fluidity,  whether  arising  from  the  dissemi- 
nation of  solid  particles  in  a  real  fluid,  or  from  the  viscidity 
of  the  fluid.  We  shall  not  insist  on  this  at  present,  because 
it  cannot  be  shown  to  obtain  in  air,  at  least  in  any  case 
which  deserves  consideration.  It  seems  of  no  importance 
to  determine  the  motion  of  air  hurrying  along  with  it  soot 
or  dust.  The  effect  of  fogs  on  a  particular  modification  of 
the  motion  of  air  will  be  considered  under  the  article 
Sound.  What  has  been  said  on  this  subject  is  sufficient 
for  our  purpose,  as  explaining  the  prodigious  and  unex- 
pected obstruction  to  the  passage  of  air  through  long  and 
narrow  pipes.  We  are  able  to  collect  an  important  maxim 
from  it,  Til.  that  all  pipes  of  communication  should  be  made 
as  wide  as  circumstances  will  permit :  for  it  is  plain  that 
the  obstruction  depends  on  the  internal*  surface,  and  the 
force  to  overcome  it  must  be  in  proportion  to  the  mass  of 
matter  which  is  in  motion.  The  first  increases  as  the  dia- 
meter of  the  pipe,  and  the  last  as  the  square.  The  ob- 
struction must  therefore  bear  a  greater  proportion  to  the 
whole  motion  in  a'  small  pipe  than  in  a  large  one. 

It  were  very  desirable  to  know  the  law  by  which  the  re- 
tardation extends  from  the  axis  to  the  sides  of  the  canal, 
and  die  proportion  which  subsists  between  the  lengths  of 
canal  and  the  forces  necessary  for  overcoming  the  obstruc- 
tions when  the  velocity  is  given ;  as  also,  whether  the  pro- 
portion of  tbe  obstruction  to  the  whole  motion  varies  with 
the  velocity:  but  all  this  is  unknown.     It  does  not,  how 
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ever,  seem  a  desperate  case  in  air :  we  know  pretty  distinctly 
the  law  of  action  among  its  particles,  viz.  that  their  mu- 
tual repulsions  are  inversely  as  their  distances.  This  pro- 
mises to  enable  us  to  trace  the  progress  of  undulation  fntjn 
the  sides  of  the  canal  to  the  «•»•«. 

We  can  see  that  the  retardations  will  not  increase  so  fast 
as  the  square  of  the  velocity.  Were  the  fluid  incompressi- 
ble, so  that  the  undulatory  path  of  a  particle  were  inva- 
riable, the  deflecting  forces  by  which  each  individual  par- 
ticle is  made  to  describe  its  undulating  path  would  be  pre- 
cisely such  as  arise  from  the  path  itself  and  the  motion  in 
it ;  for  each  particle  would  be  in  the  situation  of  a  body 
moving  along  a  fixed  path.  But  in  a  very  compressible 
fluid,  such  as  air,  each  particle  may  be  considered  ae  a  so- 
litary body,  actuated  by  a  projectile  and  a  transverse  force, 
arising  from  the  action  of  the  adjoining  particles. ,  Its 
motion  must  depend  on  the  adjustment  of  these  forces,  in 
the  same  manner  as  the  elliptical  motion  of  a  planet  de- 
pends on  the  adjustment  of  the  force  of  projection,  with  a 
gravitation  inversely  proportional  to  the  square  of  the  dis- 
tance from  the  focus.  The  transverse  force  in  the  present 
case  has  its  origin  in  the  pressure  on  the  air  which  is  pro- 
pelling it  along  the  pipe :  this,  by  squeezing  the  particles 
together,  brings  their  mutual  repulsion  into  action.  Now 
it  is  the  property  of  a  perfect  fluid,  that  a  pressure  exerted 
on  any  part  of  it  is  propagated  equally  through  the  whole 
fluid  ;  therefore  the  transverse  forces  which  are  excited  by 
this  pressure  are  proportional  to  the  pressure  itself :  and 
we  know  that  the  pressures  exerted  on  the  surface  of  a 
fluid,  so  aa  to  expel  it  through  any  orifice,,  or  along  any 
canal,  are  proportional  to  the  squares  of  the  velocities 
which  they  produce.  Therefore,  in  every  punt  of  the. un- 
dulatory motion  of  any  particle,  the  transverse  force  by 
which  it  is  deflected  into  a  curve  is  proportional  to  the 
square  of  its  velocity.  When  this  is  the  case,  a  body  would 
continue  to  describe  the  same  curve  as  before ;  but,  by  the 
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very  compression,  the  ■urvatnres  an  intra— d,  Mpnoaing 
them  to  remain  similar.  This  would  require  an  iwi 
of  the  transverse  forces ;  but  this  is  not  to  he  found  j  there- 
fore  the  particle  will  not  describe  a  similar  cam,  but  one 
which  is  less  incurvated  in  all  it*  parts  4  consequently  the 
progressive  velocity  of  the  whole,  which  is  the  only  thing 
psretfjwfcag  by  us,  will  not  be  so  much  dhnhnshfd ;  that  is, 
the  obstructions  will  not  increase  so  an*  as  they  would 
otherwise  do,  or  as  the  squares  of  the  vektans*. 

This  reasoning  is  equally  applicable  to  all  fluids,  and  is 
abundantly  confirmed  by  experiments  in  hydraulics,  as  we 
shall  see  when  considering  the  motion  of  rivers.  We  hare 
taken  [this  opportunity  of  delivering  our  notions  An  this 
subject :  because,  as  we  hare  often  said,  it  is  in  the  avow- 
ed discrete  constitution  of  ah*  that  we  see  most  distinctly 
the  operation  of  those  natural  powers  which  cirjatkuts 
fluidity  in  general. 

We  would  beg  leave  to  mention  a  form  of  experiment 
for  discovering  the  law  of  retardation  with  considerable  ee- 
curacy.  Experiments  have  been  nude  on  pipes  and  canals. 
M.  Bossut,  in  his  Hydrodynamique,  has  given  e  very 
beautiful  set  made  on  pipes  of  an  inch  and  two  inches  dia- 
meter, and  S00  feet  long  •  but  although  these  experiments 
are  very  instructive,  they  do  not  give  11s  any  rule  by  which 
we  can  extend  the  result  to  pipes  of  greater  length  and 
different  diameters. 

Let  a  smooth  cylinder  be  set  upright  in  a  very  large 
vessel  or  pond,  and  be  moveable  round  its  axis :  let  it  be 
turned  round  by  means  of  a  wheel  and  pulley,  with  an  nlri- 
form  motion  and  determined  velocity.  It  will  exert  the 
same  force  on  toe  contiguous  water  which  would  be  exert- 
ed on  it  by  water  turning  round  it  with  the  same  vdoefty : 
and  as  this  water  would  have  its  motion  gradually  retard- 
ed by  the  fixed  cylinder,  so  the  moving  cylinder  will  gra- 
dually eomnranicata  motion  to  the  surrounding  water.  We 
should  observe  the  water  gradually  dragged  round  by  it ; 
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and  the  vortex  would  extend  further  and  further  from  it 
a>  the  motion  is  continued,  and-  the  velocities  of  the  parts 
•f  the  vortex  will  be  lets  end  less  aa  we  recede  from  the 
aria.  •  New,  we  apprehend,  that  when  a  point  of  the  sur- 
faee  of  the  cylinder  has  moved  over  S00  felt,  the  motion  of 
the  water  at  different  distances  from  it  will  be  similar  and 
proportional  to,  if  not  precisely  the  same  with,  the  retarda- 
tions of  water  flowing  800  feet  at  the  tame  distance  from 
the  side  of  a  eanal :  at  any  rate,  the  two  an  susceptible  of 
an  acwpaft)  compariago,  and  the  law  of  retardation  may  be 
accurately  dedaced  from  observation*  made  oa  the  motion* 
of  this  vortax. 

Air  in  motion  is  a  very  ra*aaar  object  of  observation ; 
and  it  is  interesting.  In  all  languages  it  has  got  a  name ; 
we  call  it  wind':  and  it  iaonly  upon  reflection  that  we  con~ 
aider  air  aa  wind  in  a  quiescent  state.  Many  persons  hard- 
ly know  what  is  meant  when  air  is  mentioned  ;  but  they 
cannot  refuse  that  the  blast  from  a  bellows- is  the  expulsion 
of  what  they  contained ;  and  thus  they  learn  that  wind  is 
air  in  morion. 

it  is  af  consequence  to  know  the  velocity  of  wind ;  but 
no  good  and  unexceptionable  method  has  been  contrived 
for  this  purpose.  The  best  teems  to  be  by  measuring  the 
space  passed  over  by  the  shadow  of  a  cload ;  but  this  is 
extremely  fallacious.  In  the  first  place,  it  is  certaia,  that 
although  we  suppose  that  the  cloud  has  the  velocity  of  the 
air  in  which  it  is  carried  along,  this  is  not  an  exact  measure 
of  the  current  on  the  surface  of  the  earth ;  we  may  be  al- 
most certain  that  it  is  greater :  for  air,  like  all  other  fluids, 
is  retarded  by  the  sides  and  bottom  of  the  channel  in  which 
it  moves.  But,  in  the  next  place,  it  is  vary  gratuitous  to 
suppose,  that  the  velocity  of  the  cloud  is  the  velocity  of 
the  stratum  of  air  between  the  cloud  and  the  earth;  we  art 
almost  certain  that  it  is  not.  It  is  abundantly  proved  by 
Dr  Hntton  of  Edinburgh,  that  clouds  are  always  formed 
whan  two  parcels  of  air  of  different  temperatures  mix  to- 
gether, each  containing*  proper  quantity  of  vapour  ia  the 
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state  of  chemical  solution.  We  know  tint  different  strata 
of  air  will  frequently  flow  in  different  directions  for  a  long 
time.  Id  1781,  while  a  great  fleet  rendezvoused  in  Lckht 
Roads  during  the  Dutch  war,  there  was  a  brink  easterly 
wind  for  about  #se  weeks ;  and,  during  the  last  fortnight 
of  this  period^  then  was  a  brink  westerly  current  at  she 
height  of  about  |  of  a  mile.  This  was  distinctly  indkated 
by  frequent  fleecy  clouds  at  a  great  distance  above  a  lower 
strasjuu  of  these  clouds,  which  were  driving  all  this  time 
fmm  the  eastward.  A  gentleman  whs.  was  at  the  «ege  of 
Quebec  in  1759)  informtd  m,  that  one  day  while  there 
blew  a  gale  from  the  west,  so  hard  that  the  ships  at  anchor 
in  the  river  were  obliged  a>  stake  their  topmasts,  and  it 
was  with  the  utmost  difficulty  that  some  well-manned  boats 
could  row  against  it,  carrying  sour  artillery  stores  to  «  port 
abawe  the  town,  several  shells  were  thrown  from  the  town 
to  destroy  the  boats :  one  of  the  shells  burst  in  die  air  near 
the  top  of  its  flight,  which  was  about  half  a  mile  high. 
The*mokeof  this  bomb  remained  in  the 'same  spot  for 
above  a  quarter  of  an  hour,  like  a  great  round  ball,  add 
gradually  dissipated  by  diffusion,  without  rerooviag  mahy 
yards  from  its  plate.  When,  therefore,  two  strata  of  air 
come  from  different  quarters^  and  one  of  them  flows  over 
the  other,  it  wtt  be  only  in  tb*  contiguous  surfaces  that  a 
precipitation  of  vapour  will  be  mode.  This  will  form  a 
thin  fleecy  cloud ;  and  it  will  have  a  velocity  and  direction 
which  neither  belongs  to  the  upper  nor  to  the  lower  stra- 
tum of  air  which  produced  it  Should  one  of  these  strata 
come  from  the  east  and  the  other  from  the  west  with  equal 
velocities,  the  cloud  formed  hetweea  them  will  have  no  mo- 
tion at  all ;  should  one  coma  from  the  east,  and  the  other 
from  die  north,  the  cloud  will  move  from  the  north-east 
with  a  greater  velocity  than  either  of  the  strata.  So  uncer- 
tain then  is  the  information  given  by  the  clouds  either  of 
wm  velocity  or  the  direction  of  the  wind.  A  thick  smoke 
from  a  furnace  wiH  give  us  a  much  less  equivocal  measure: 
and  thin,  combined  with  the  effects  of  the  wind  iu  impel. 
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&%  bodies,  er  defecting  a  loaded  plane  from  the  perpendi- 
cular, or  other  effects  of  this  kaVd,  may  give  us  measures 
of  the  different  currents  of  wind  with  a  precision  sufficient 
for  all  practical  -uses. 

The  celebrated  engineer  Mr  John  Smeaton  has  given, 
iu  the  51st  volume  of  the  Philosophical  Transactions,  the 
TelociBBs  of  wind  corresponding  to  the  usual  denominations 
m  aur  language.  These  are  founded  on  a  great  number 
<rf'obtervat*>ua.Toade  by  himself  in  the  coarse  of- bis  prac- 
tice in  erecting  wind-mills.  They  are  contained  in  the 
following  table : 


fir 

i«}Li8*t,i 


See  also  some  valuable  experiments  by  him  on  this  sub- 
ject, Philosophical  Transactions  1760  and  176L 

One  of  the  most  ingenious  and  convenient  methods  for 
measuring  the  velocity  of  the  wind  is  to  employ  its  pressure 
in  supporting  a  column  of  water,  in  the  same  way  as  Air 
Pitot  measures  the  velocity  of  a  current  of  water.  We 
believe  that  it  was  first  proposed  by  Dr  James  Lynd  of 
Windsor,  a  gentleman  eminent  for  his  great  knowledge  in 
all  the  branches  of  natural  science,  and  for  his  ingenuity 
in  every  matter  of  experiment  or  practical  application. 

His  anemometer  (as  these  instruments  are  called)  con- 
sists of1  a  glass  tube  of  the  form  ABCD  (Fig.  64.)  open  at 
both  ends,  and  having  the  branch  AB  at  right  angles  to 
the  branch  CD.  This  tube  contains  a  few  inches  of  water 
or  any  fluid  (the  lighter  the  better);  it  is  held  with  the 
part  CD  upright,  and  AB  horizontal  and  in  the  direction  of 
the  wind ;  that  is,  with  the  mouth  A  fronting  the  wind. 
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The  wind  acts  in  the  way  of  psessure  on  the  air  in  AB, 
compresses  it,  and  causes  it  to  press  on  the  surtaoft  of  the 
liquor;  farting  it  down  to  F,  whflt  ft  rises  to  E  in  the 
other  lag.  The  velocity  of  the  wind  is  concluded  from  the 
difference  E/between  the  heights  of  the  liquor  to  die  legs. 
As  the  wind  does  not  generally  blow  with  uniform  veiu- 
-  city,  the  liquor  is  apt  to  dance  in  the  tube,  and  ren- 
der the  observation  difficult  and  uncertain :  to  rasnedy  ahja, 
it  is  proper  to  aontract  very  ranch  the  comBunicatioB  at  C 
between  the  two  legs.  If  the  tube  has  half  an  inch  of 
diameter  (and  it  should  not  hare  less),  a  hole  of  ,?,  of  an 
inch  is  large  enough ;  indeed  the  bole  can  hardly  be  too 
small,  nor  the  tubes  too  large. 

This  instrument  is  extremely  ingenious,  and  will  un- 
doubtedly give  the  proportions  of  the  velocities  of  different 
currents  with  the  greatest  precision ;  for  in  whatever  way 
the  pressure  of  wind  is  produced  by  its  motion,  we  are  cer- 
tain that  the  different  pressures  are  as  the  squares  of  the 
velocities :  if,  therefore,  we  can  obtain  one  certain  measure 
of  the  velocity  of  the  wind,  and  observe  the  degree  to  which 
the  pressure  produced  by  it  raises  the  liquor,  we  can  at  all 
other  times  observe  the  pressures  and  compute  the  velocities 
from  them,  making  proper  allowances  for  the  temperature 
and  the  height  of  the  mercury  in  the  barometer;  because  the 
velocity  will  be  in  the  subduplicate  ratio  of  the  density  of 
the  air  inversely  when  the  pressure  is  the  same. 

It  is  usually  concluded,  that  the  velocity  of  the  wind  is 
that  which  would  be  acquired  by  falling  from  a  height 
which  is  toEyns  the  weight  of  water  is  to  that  of  an  equal 
bulk  of  air.  Thus,  supposing  air  to  be  640  times  lighter 
than  water,  and  that  E/%  T»,  of  an  inch,  the  velocity  will 
be  about  03  feet  per  second,  which  is  that  of  a  very  hard 
gale,  approaching  to  a  storm.  Hence  we  see  by  the  bye, 
that  the  scale  of  this  instrument  is  extremely  short,  and 
that  it  would  be  a  great  improvement  of  it  to  make  the  leg 
CD  not  perpendicular,  but  very  much  sloping;  or  perhaps 
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the  following  form  of  the  instrument  will  give  it  all  the  per- 
fection of  which  it  is  capable.  Let  the  horizontal  branch 
AB  (Kg.  85.)  be  contracted  at  B,  and  continued  horizon- 
tally for  several  inches  BG  of  a  much  smaller  bore,  and 
then  turned  down  for  two  or  three  inches  GC,  and  then 
upwards  with  a  wide  bore.  To  use  the  instrument,  hold  it 
with  the  part  DC  perpendicular ;  and  (having  sheltered 
the  mouth  A  from  the  wind)  pour  in  water  at  D  till  it  ad- 
vances along  GB  to  the  point  B,  which  is  made  the  begin- 
ning of  the  scale ;  the  water  in  the  upright  branch  stand- 
ing at/"in  the  sane  horizontal  line  with  BG.  Now,  turn 
the  mouth  A  to  the  wind ;  the  air  in  AB  will  be  compress- 
ed, and  will  force  the  water  along  BG  to  F,  and  cause  it  to 
the  from^to  E ;  and  the  range^E  will  be  to  the  range 
BE  on  the  scale  as  the  section  of  the  tube  BG  to  that  of 
CD.  Thau,  if  the  width  of  DC  be  I  an  inch,  and  that  of 
BG  t„,  we  shall  have  85  incites  in  the  scale  for  one  inch  of 
real  pressure  Qf. 

But  it  has  not  been  demonstrated  in  a  very  satisfactory 
manner,  that  the  velocity  of  the  wind  is  that  acquired  by 
falling  through  the  height  of  a  column  of  air  whose  weight 
.  is  equal  to  that  of  the  column  of  water  E/.  Experiments 
made  with  Pitofs  tube  in  currents  of  water  show  that  se- 
veral corrections  are  necessary  for  concluding  the  velocity 
of  the  current  from  the  elevations  in  the  tube :  these  cor- 
rections may  however  be  made,  and  safely  applied  to  the 
present  case ;  and  then  the  instrument  Fill  enable  us  to 
conclude  the  velocity  of  the  wind  immediately,  without  any 
fundamental  comparison  of  the  elevation,  with  a  velocity 
actually  determined  upon  other  principles.  The  chief  use 
which  we  have  for  this  information  is  in  our  employment 
of  wind  as  an  impelling  power,  by  which  we  'can  actuate 
machinery  or  navigate  ships.  These  are  very  important 
applications  of  pnetunatical  doctrines,  and  merit  a  particu- 
lar coasideration ;  and  tins  naturally  brings  us  to  the  hut 
part  of  our  subject,  riz.  the  consideration  of  the  impute  of 
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air  on  bodies  exposed  to  its  action,  and  the  i-CMStance  which 
it  opposes  to  the  passage  of  bodies  through  it 

This  is  a  subject  of  the  greatest  importance ;  being  the 
foundation  of  that  art  which  has  done  the  greatest  honour 
to  the  ingenuity  of  man,  and  the  greatest  service  to  human 
society,  by  connecting  together  the  moat  distant  inhabi- 
tants of  this  globe,  and  making  a  communication  of  bene- 
fits which  would  otherwise  nave  been  impossible ;  we  mean 
the  a*  of  Navigation  or  Seamanship.  Of  all  the  ""**y«— 
which  human  art  has  constructed,  a  ship'  is  not  only  the 
greatest  and  most  magnificent,  but  also  the  most  ingenious 
and  intricate ;  and  the  clever  seaman  possesses  a  knowledge 
founded  on  the  most  difficult  and  abstrase  doctrines  of  me- 
chanics. The  seaman  probably  cannot  give  any  account, 
of  his  own  science;  and  he  possesses  it  rather  by  a  kind  of 
intuition  than  by  any  process  of  reasoning :  hut  the  suc- 
cess and  efficacy  of  all  the  mechanism  of  this  complicated 
engine,  and  the  propriety  of  all  the  manoeuvres  which  the 
seaman  practises,  depend  on  the  invariable  laws  of  me- 
chanics ;  and  *  thorough  knowledge  of  these  would  enable 
an  intelligent  person  not  only  to  understand  the  machine 
and  the  manner  of  working  it,  but  to  improve  both. 

Unfortunately  this  is  a  subject  of  very  great  difficulty  t 
and  although  it  has  employed  the  genius  of  Newton,  and 
be  has  considered  it  with  great  care,  and  bis  followers  have 
added  more  to  his  labours  on  this  subject  than  on  any  other, 
it  still  remains  in.  a  very  imperfect  state. 

A  minute  discussion  «f  this  subject  cannot  therefore  be 
expected  in  a  work  like  this;  we  must  content  ourselves 
with  such  a  general  statement  of  the  most  approved  dec* 
trine  on  the  subject  as  shall  enable  our  readers  to  conceive 
it  distinctly,  and  judge  with  intelligence  and  confidence  of 
the  practical  deductions  which  may  be  made  from  it. 

It  is  evidently  a.  branch  of  the  general  theory  of  the  im-. 
pulse  and  resistance  of  fluids,  which  should  hav*.  been 
twatod  of  under  the  article  Hydraulics,  hot  was  theo.de. 
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fcn^dil  themrrhlwriilf>opcrtm  of  conyrwaJhle  fcids 
taeuM  also  be  considered.  It  vu  thought  very  qh» 
able  to  suppose  that  the  nimimitiTflf  of  elasticity  waaibl 
htfrodejre  tbe  same  changes  in  the  impute  and  resistance 
of  fluids  that  it  does  m  solid  bodies.  It  would  greatly  dv 
vert  the  attention  from  the  distinctive  properties  of  air,  if 
we  ahoultUs  this  place  enter  on  this  subject,  which  is  both 
cxMaarM  and  difficult  Wo  reckon  it  better  therefore  (aw 
take  the  whole  together :  this  we  shall  do  under  therartiae> 
Besistawci  or  Fluids,  and  confine  ourselves  at  present 
to  what -relates  to  the  impulse  and  resistance  of  air  alone; 
anticipating  a  few  of  tbe  general  propositions  of  that 
theory,  but  without  demonstration,  ia  order  to  understand 
the  applications  which  may  be  made  of  it.  .    J 

Suppose  then  a  plane  surface,  of  which  a  C  (Fig.  8&J 
k  the  section,  exposed  to  the  action  of  a  stream  of  wind 
Mewing  in  the  direction  QC,  perpendicular  to  aC.  The 
motion  of  the  wind  will  be  obstructed,  and  the  surface 
a  C  pressed  forward.  And  as  all  impulse  or  pressure  is ' 
exerted  in  a  direction  perpeiidiouhu-  to  the  surface,  and  is 
resisted  in  the  opposite  direction,  the  surface  will  be  im- 
pelled in  the  direction  CD,  the  continuation  of  QC.  And 
as  the  mutual  actions  of  bodies  depend  on  their  relative 
motions,  the  force  acting  on  the  surface  a  C  will  bo  the 
same,  if  we  shall  suppose  the  air  at  rest,  and  the  surface 
moving  equally  swift  iu  the  opposite-  direction.  The  re. 
stetance  of  the  air  to  the  motion  of  the  body  will  be  equal 
to  the  impulse  of  the  air  in  the  former  case.  Thus  resist* 
ance  and  impulse  are  equal  and  contrary. 

If  the  air  be  moving  twice  as  fast,  its  particles  will  give 
a  double  impulse ;  but  in  this  case  a  double  number  of 
particles  will  enrt  their  impulse  in  the  same  time:  the 
impulse  will  therefore  be  fourfold,  and  m  general  it  will 
be  as  the  square  of  the  velocity  :  or  if  the  air  and  body  be 
both  in  motion,  the  impulse  and  resistance  will  be  propor- 
tional to  the  square  of  the  relative  velocity. 

This  is  the  first  proposition  on  the  subject,  and  it  appears 
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serf  consonant  to  reason.  There  Wat  therefore  be  snow 
analogy  between  the  force  of  the  air!*  impulse  or  the  re- 
■■Usee  of  a  body,  and  the  weight  of  a  column  of  an*  in- 
cumbent on  the  surface :  fofit  is  a  principle  in  tb*ecnen 
of  fluids,  that  the  heights  of  the  colsanns  of  fluid  are  as  the 
squares  of  the  velocities  which  thai*  pmanmn  produce. 
Accordingly  the  second  proposition  is,  that  «ne  afosaute 
impulse  of  a  stream  of  air,  blowing perpeddicularly  on  any 
■nfect)  is  equal  to  the  weight  of  a  column  of  air  which  has 
that  surface  for  its  base,  and  for  its  height  the  spade 
through  which  a  body  mint  fall  m  order  to  acquire  the  Te- 
locity of  the  sir. 

Thirdly,  Suppose  the  surface  AC  equal  too  C  no  longer 
to  be  perpendicular  to  the  stream  of  air,  but  inclined  to  it 
in  the  angle  ACD,  winch  we  shall  call  the  angk  «/"•»«- 
dfiue;  then,  by  the  resolution  of  forces,  it  follows,  that 
the  action  of  each  particle  is  diminished  in  the  proportion 
of  radius  to  the  sine  of  the  angle  of  incidence,  or  of  AC 
*  to  AL,  AL  being  perpendicular  to  CD. 

Again:  Draw  AX  parallel  to  CD.  It  is  plain  that  no 
air  lying  farther  from  CD  than  KA  is  will  strike  the  plane. 
The  quantity  of  impose  therefore  is  djimmnfand  still  far- 
ther in  the  proportion  of  aC  to  KC,  or  of  AC  to  AL. 
Therefore,  on  the  whole,  the  absolute  impulse  is  diminish- 
ed in  the  proportion  of  AC1  to  AL* :  hence  the  proposi- 
tion, that  the  impulse  and  resistance  of  a  given  surface  are 
in  the  proportion.of  the  square  of  the  sine  of  the  angle  ef 


Fourthly,  This  impulse  is  in  the  direction  PL,  perpen- 
dicular to  the  impelled  surface,  and  the  surface  tends  to 
more  in  this-  direction :  but  suppose  it  moveable  only  in 
some  ether  direction  FO,  or  that  it  is  in  the  direction  FG 
that  we  wish  to  employ  this  impulse,  its  action  is  therefore 
oHique ;  and  if  we  wish  to  know  the  intensity  of  the  im- 
pulse in  this  dirsctioD,  it  must  be  dfanmished  still  farther 
in  the  proportion  of  radiate  to  the  cosine  of  the  augle  LFO 
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or  line  of  CPO.  Heat*  the  general  proposition :  The 
effective  wtptOte  is  at  the  suffice,  at  the  square  of  the  ve- 
locity of  the  ttind,  at  the  tguare  of  ike  aim  if  Hie  angle  if 
incidence,  end  at  the  time  tfobliqvtly  jointly,  which  we 
stay  eatress  by  tbe  symbol  R^&V*.  tW.  I.  tin,  0  ;  and 
v  the  impulse  depends  on  the  density  of  the  impettmg 
fluid,  we  may  take  in  every  circumstance  by  the  equation 
R  =  SD-V*.  sin.  1-  tin.  O.  If  the  impulse  be  estimated 
fertile  direction  of  She  stream,  the  angle  of  obliquity  ACD 
la  the  same  with  tin  angle  of  incidence,  and  the  impulse  in 
this  direction  is  as  the  surface,  as  the  square  of  the  veto- 
dry,  and  as  the  cube  of  the  angle  of  incidence  jointly. 

It  evidently  follows  from  these  premises,  that  if  ACA'  be 
a  wedge,  of  which  die  base  A  A'  is  perpendicular  to  the 
wind,  and  the  angle  AC  A'  bisected  by  its  direction,  the 
direct  or  perpendicular  impulse  on  the  base  is  to  the  oblique 
impulse  on  the  sides  as  radius  to  the  square  of  the  sine  of 
half  the  angle  AC  A'. 

The  same  must  be  affirmed  of  a  pyramid  or  cone  ACA', 
of  which  the  axis  is  in  the  direction  of  the  wind. 

If  ACA'  (Fig.  87.)  represent  the  section  of  a  sand  pnv 
dnoed  by  the  revolution  of  a  curve  line  AFC  round  the 
axis  CD,  which  lies  in  the  direction  of  the  wind,  the  im- 
pulse on  this  body  mar  be  compared  with  the  direct  im- 
pulse on  its  base,  or  tbe  resistance  to  the  motion  of  this 
body  through  the  air  may  be  compared  with  the  direct  re- 
sistance of  its  base,  by  resolving  its  surface  into  elementary  . 
planes  Vp,  which  are  coincident  with  a  tangent  plane  PR, 
and  comparing  the  impulse  on  Ps  with  the  direct  impulse 
on  the  corresponding  part  K  &  of  the  base. 

In  this  way  it  follows  that  tbe  impulse  on  a  sphere  is 
one  half  of  the  impulse  on  its  great  circle,  or  on  the  base 
of  a  cylinder  of  equal  diameter. 

We  shall  conclude  tins  sketch  of  the  doctrine  with  a  very 
important  proposition  to  determine  the  most  advantageous 
position  of  a  plane  surface,  when  required  to  move  in  one 
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direction  while  it  is  impelled  by  the  wind  bhtwing  in  a  Af- 
ferent direction.     Thus, 

Let  AB  (Fig.  88.)  be  the  sail  of  a  ship,  CA  thesurec- 
tioti  in  which  the  wind  blows,  and .  AD  the  line  of  the 
ship's  course.  It  is  required  to  place  the  yard  AC  uMucfc 
a  position  that  the  impulse  of  the.  wind  upon  the  Mil  may 
have  the  greatest  effect  possible  in  impelling  the  ship  along 
AD. 

Let  AB,  A  S,  be  two  positions  of  the  say  very  near  the 
best  position,  but  on  opposite  sides  of  it  Draw  BE,  6  e 
perpendicular  to  CA,  and  BF,  bj't  perpendicular  to  AD, 
calling  AB  radios ;  it  is  evident  that  BE,  BF,  are  the  tinea 
of  impulse  and  obliquity,  and  that  the  effective.impulse  is 
BE*  x  BF,  or  6  e1  *  bf.     This  must  be  a  maximum. 

Let  the  points  B,  o,  continually  approach  and  ultimately 
coincide ;  the  chord  b  B  will  ultimately  coincide  with  a 
straight  line  CBD  touching  the  circle  in  B  ;  the  triangles 
CBE,  c  b  e  are  similar,  as  also  the  triangles  DBF,  D  bf; 
therefore  BE* :  6  «*  =  BC* :  b  c*,  and  BF :  J/=BD :  b  D ; 
andBE*xBF:JeJxft/=CB!t*BD:co*x0D.  There, 
fore  when  AB  is  in  the  beat  position,  so  that  BE*  x  BF  is 
greater  than  be**bf,  we  shall  have  CB  „  BD  greater  than 
C.jr*xjp,  orcB*xBD  is  also  a  maximum.  This  we 
know  to  be  the  case  when  CB  =  S  BD ;  therefore  the  sail 
must  be  so  placed  that  the  tangent  of  the  angle  of  inci- 
denee  shall  be  double  of  the  tangent  of  the  angle  of  the  sail 
„  and  keel 

In  a  common  wind-mill  the  angle  CAD  is  necessarily  a 
right  angle ;  for  the  saU  moves  in  a  circle  to  which  the 
wind  is  perpendicular :  therefore  the  best  angle  of  the  sail 
and  axle  wi}l  be  5*,.4V  nearly.    . 

Such  is  the  theory  of  the  resistance  and  impulse  of  the 
air.  It  is  extremely  simple  and  of  easy  application.  1st 
ajl  physical  theories  there  are  assumptions  which  depend  on 
other  principles,  and  those  on  the  judgment  of  the  natu- 
ralist; so  that  it  as  always  proper  to  confront  the  theory 
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with  experiment.  There  are  —  riirwnfttanrci  in  thr 
present  cue  which  have  not  been  attended  to  in  the  theory. 
When  a  stream  of  air  ie  obstructed  by  a  solid  body,  or  when 
a  solid  body  mores  along  in  m,  the  air  is  condensed  before 
it  and  rarefied  behind.  There  is  therefore  a  pressure;  on 
the  anterior  parte  arising  from  thin  want  of  equilibnnm  in 
die  elasticity  of  the  air.  This  must  be  superadded  to 'the 
force  arising  from  the  impetus  or  inertia  of  the  air.  We 
cannot  tell  with  precision  what  may  be  the  amount  of  this 
condensation  ;  it  depends  on  the  velocity  with  which  any 
'  condensation  diffuses  itself. 

Also,  if  the  motion  be  so  rapid  that  the  pressure  of  the 
atmosphere  cannot  make  the  air  immediately  occupy  the 
place  quitted  by  the  body,  it  will  sustain  this  f 
its  forepart  to  be  added  to  the  other  forces. 

Experiments  on  this  subject  are  by  no  me* 
«t  least  such  experiments  as  can  be  depended  on  tar  the 
foundation  of  any  practical  application.'  The  first  that 
have  this  character  are  those  published  by  Mr  Bebins,  in 
1742,  in  his  Treatise  on  Gunnery.  They  were  repeated 
with  some  additions  by  the  Chevalier  Borda,  and  some  as- 
count  of  them  published  in  the  Memoirs  of  the  Academy 
of  Sciences  in  1763:  In  the  Philosophical  Transactions  of 
the  Royal  Society  of  London,  vol.  LXXIII.  there  are 
some  experiments  of  the  same  kind  on  a  larger  scale  by  Mr 
Edgeworth.  ■  These  were  aK  made  in  the  way  described 
in  our  account  of  Mr  Robins's  improvements  in  gunnery.  , 
Bodies  were  made  to  move  with  determined  velocities,  and 
the  resistances  were  measured  by  weights. 

In  all  these  experiments  the  resistances  were  found  very 
exactly  in  the  proportion  of  the  squares  of  the  velocities ; 
but  they  were  found  considerably  greater  than  the  weight 
of  the  column  of  air,  whose  height  would  produce  the  ve- 
locity in  a  falling  body.  Mr  Robins's  experiments  otuu 
square  of  16  inches,  describing  35,2  feet  per  second,  indi- 
cate the  resistance  to  be  to  this  weight  nearly  as  4  to  9* 

DigitizedDyGoOgle 


116  nrziTMATici. 

BornVs  esxerhnents  on  the  wne  surface'  Mi  die  dispro- 
portion still  greater. 

The  resistances  are  found  not  to  be  in  the  proportion  of 
the  surfaces,  but  increase  considerably  faster.  Surface*  «f 
9, 16,  39,  and  81  inches,  moving  with  one  velocity,  had 
resistances  in  the  proportkm  of  9,  17,,  4»f,  and.  104f. 

Now  as  this  deviation  from  the  proportion  of  the  sur- 
faces increases  with  gnat  regularity,  H  Is  moat  probable 
that  it  continues  to  increase  in  surfaces  of  still  greaser  ex- 
tent ;  and  these  are  the  most  generally  to  be  met  with  in 
practice  in  the  action  of  wind  on  ships  and  mills. 

Boron's  experiments  en  81  inches  show  that  the  impulse 
of  wind  moving  one  foot  per  second  is  about  j'B5  of  a 
pound  on  a  square  foot  Therefore  to  find  the  impulse  on 
a  foot  corresponding  to  any  velocity,  divide  the  square  of 
the  velocity  by  500,  and  we  obtain  the  impulse  in  pounds. 
Mr  Bouse  of  Lssossmrjhjfe  made  away  experiments,  whiah 
are  mentioned  with  great  approbation  by  Mr  Bmeatett 
His  great  sagacity  and  experience  in  the  erection  of  wind- 
tnius  oblige  ns  to  pay  a  considerable  deference  to  ma  judg- 
ment. These  experiments  confirm  our  opinion,  that  the 
impulses  increase  faster  than  the  surfaces.  The  following 
table  was  calculated,  from  Mr  House's  observation*,  and 
may  be  considered  as  pretty  near  the  truth, 
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If  we  multiply  the  square  of  the  velocity  in  feet  by  16, 
die  product  will  be  the  impulse  or  resistance  on  a  square 
foot  in  grains,  according  to  Mr  Bouse  s  numbers. 
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The  greatest  deviation  -from  the  theory  oocors  in  the 
obique  unpnbes.  Mr  Robins  compered  the  resistance  cf 
a  wedge,  whose  angle  WW  90°,  with  the  reabtanoa  of  its 
bate;  and  instead  of  finding  it  lets  in  the  proportion  ot 
♦Tie  1,  aa  determined  by  the  theory,  be  found  it  greater 
in  the  proportion  of  U  to  68  nearly ;  and  when  he  farmed 
the  body  into  a  pyramid,  of  which  the  sides  had  the  same 
surface  and  the  acme  inclination  as  the  sides  of  the  wedge, 
the  resistance  of  the  ban  and  face  wen  now  aa  6f  to  30 
nearly :  so  that  here  the  sane  surface  with  the  same  inshV 
nation  had  it*  resistance  reduced  from  68  to  39  by  being 
put  into  this  farm.  Similar  deviations  occur  in  the  ezpe- 
rinents  of  the  Chevalier  Barda;  and  it  may  be  enaWttJ 
from  both,  that  the  taahaanots  HlnyniJ.  ~™» «■  Ay  jy  the 
proportion  of  the  sines  of  incidence  than  in  the  proportion 
of  the  square*  of  those  tines. 

The  irsegukrity  in  the  resistance  of  carved  surfaces  is 
as  great  as  in  plane  surfaces.  In  general,  the  theory  gives 
the  oblique  impulses  on  plane  sorfaoes  much  too  small,  and 
the  impulats  on  curved  surfaces  too  great.  The  iisiiaanw 
of  a  sphere  does  net  exceed  the  fourth  part  of  the  resist* 
ance  of  its  great  circle,  instead  of  being  its  half ;  bat  the 
anomaly  is  such  as  to  leave  hardly  any  room  for  <ajenh>. 
lion.  It  would  be  very  desirable,  to  have  the  experiment* 
on  this  subject  repeated  in  a  greater  variety  cf  oases,  and 
on  larger  surfaces,  so  that  the  errors  of  the  experiments 
may  be  of  less  consequence.  Till  this  matter  be  rcduenaV 
to  some  rule,  the  art  of  working  ships  must  remain  vary 
imperfect,  as  moat  also  the  construction  of  wind-mills. 

The  case  in  which  we  are  most  interested  in  the  know- 
ledge of  the  resistance  of  the  air  is  the  motion  of  buleta 
and  shells.  Writers  on  artillery  have  long  been  sensible 
of  the  great  effect  of  the  air's  resistance,  It  seems  to  have* 
been  this  consideration  that  cbieiy  engaged  Sir  Isaae  New- 
ton to  consider  the  motions  of  bodies  m  a  resisting  medrasa. 
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Apropaamon  or  two  wouM  have  snflhwd  roaahowing'  the 
incemparibirily  of  the  planetary  motions  with  the  supaasi- 
taon  that  the  celestial  spaces  were  ftued  with  a  fluid  matter; 
but  he  has  with  great  solicitude  considered  the  motion  of  a 
body  projected  on  the  surface  of  the  earth,  antOts  devia- 
tion from  the  parabolic  tract  assigned  by  Galileo.  He  ban 
bestowed  more  pains  on  this  problem  than  any  other  in  4ns 
whole  work ;  and  his  investigation  has  pointed  out  almost 
all  the  improvements  which  have  been  made  in  the  appli- 
cation of  mathematical  knowledge  to  the  study  of  nature. 
Nowhere  does  his  sagacity  and  fertility  of  resource  appear 
in  so  strong  a  light  as  in  the  second  book  of  the  Prmcipia, 
which  is  almost  wholly  occupied  by  this  problem.  The 
celebrated  mathematician  John  Bemouilli  engaged  in  it  as 
the  finest  opportunity  of  displaying  his  superiority-  A 
mistake  committed  by  Newton  in  his  attempt  to  a  solution 
■u  nutter  of  triumph  to  him ;  and  the  whole  of  bis  per- 
formance, though  a  piece  of  elegant  and  elaborate  geome- 
try, is  greatly  hurt  by  his  continually  bringing  this  mis- 
take {which  is  a  mere  trifle)  into  view.  The  difficulty  of 
the  subject  is  so  great,  that  subseqaent  mathematicians 
seem  to  have  kept  aloof  from  it ;  and  it  has  been  entirely 
overlooked  by  the  many  volumiooua  writers  who  have 
treated  professedly  on  military  projectiles.  They  haw 
spoken  indeed  of  the  resistance  cf  the  ah-  as  affecting  the 
flight  of  shot,  but  have  saved  themselves  from  the  task  of 
■tnstigatmg  this  effect  (a  task  to  which  they  were  anequat), 
bj  supposing  that  it  was  not  so  great  as  to  render  their 
theories  and  practical  deductions  very  erroneous.  Mr 
BobJna  was  the  first  who  seriously  examined  the  subject 
He  showed;  that  even  the  Newtonian  theory  (which  had 
been  corrected,  bat  not  in  the  smallest  degree,  improved 
or  extended  in  its  painciples)  was  sufficient  to  show  that 
the  path  of  a  snnnon-baB  eould  not  resemble  a  parabola. 
Even  this  theory  showed  that  the  resistance  was  more  than 
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eight  tiineB  the  weight  of  the  ball,  and  should  produce  a 
grmtrr  deviation  from  the  parabola  than  the  parabola  de- 
viated from  a  straight  Hi*. 

This  simple  hot  singular  observation  was  a  'Strang'  proof 
how  faulty  the  professed  writers  on  artillery  had  been,  m 
rather  anwwang  themselves  with  elegant  but  useless  appli- 
cation* of  easy  geometry,  than  in  endeavouring  to  give 
their  readers  any  useful  information.  He  added,  that  the 
difference  between  the  ranges  by  the  Newtonian  theory  Sod 
by  experiment  were  so  great,  that  the  resistance  of  the  air 
must  he  vastly  superior  to  what  mat  theory  supposed.  It 
was  thia  which  suggested  to  him  the  necessity  of  experi- 
ments to  ascertain  this  point.  We  have  seen  the  reeuhwf 
these  experiments  in  moderate  vekwkies  ?  and  that  they 
were  sufficient  tor  calling  the  whole  theory  in  question,  or  at 
leeat  for  rendering  it  useless.  It  became  necessary  therefore 
to  settle  every  point  by  means  of  a  direct  experiment.  Here 
was  a  great  difficulty.  How  shall  we  measure  either  these 
great  velocities  which  are  observed  in  the  motions  of  can- 
non-shot, or  the  resistances  which  these  enormous  veloci- 
ties occasion  ?  Mr  Robins  had  the  ingenuity  to  do  both. 
The  method  which  he  took  for  measuring  the  velocity  of  a 
musket-ball  was  quite  original ;  and  it  was  susceptible  of 
great  accuracy.  We  have  already  given  some  account 
of  it  in  vol.  i  p.  1M.  Having  gained  this  point,  the 
other  was  net  difficult.  In  the  moderate  velocities  he 
haeV  determined  the  resistances  by  The  forces  which  balanced 
them,  the  weights  which  kept  the  resisted  body  in  a  state 
of  uniform  motion.  In  the  great  velocinVs,  be  proposed  to 
determine  the  resistances  by  their  immediate  eB%cts,  hy  ■ 
the  retardations  which  they  occasioned.  This  was  to  be 
done  by  first  ascertaining  the  velocity  of  the  ball,  and  then 
anamsuriog  its  velocity  after  it  had  passed  through  a  cer- 
tain quantity  of  air.  The  (inherence  of  these  Teloetties  is 
the  retardation,  and  the  proper  measure  of  the  resistance ; 
for,  hy  the  initial  and  final  velocities  of  tin-ball,  we  learn 
7 
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the  time  which  waft  employed  in  pairing  ti 
with  the  medium  velocity.  In  this  time  die  airs  resist- 
ance diminished  the  velocity  by  a  certain  quantity.  Com- 
pare this  with  the  velocity  whieh  ft  body  projected  directly 
upwards  would  lose  in  the  same  time  by  the  i  mart  an  re  of 
gravity.  The  two  forces  must  be  in  the  proportion  of  their 
effects.  Thus  we  kern  the  proswrtion  c^  the  resistance  of 
the  ak  to  the  weight  of  the  bftlL  It  b  indeed  true,  dot 
tha  time  of  passing  through  this  space  is  not  accurately  had 
by  taking  the  arithmetical  medium  of  the  initial  and  final 
velocities,  nor  does  the  lemwmee  deduced  from  tha  cslca- 
Ifttioo  accurately  correspond  to  this  mean  iihacsty ;  but 
balh  may  be  accurately  found  by  the  experiment  by  a  very 
troublesome  computation,  an  is  shown  in  the  0th  and  fith 
propositions  of  the  second  book  of  Newton's  Primapim. 

The  iliasss i  between  the  quantities  thus  found  and  those 

deduced  from  the  simple  process  is  quite  triftmg,  and  ftr 
within  the  limits  of  aosuracy  attainahlfi  in  axperimeiiu  of 
this  kind ;  it  may  therefore  be  safety  neglected. 

Mr  Rabins  made  many  experiments  un  this  subject ;  but 
unfortunately  he  has  published  only  a  very  few,  such  si 
were  sufficient  for  ascertaining  the  point  be  had  m  view. 
He  intended  a  regular  work  on  the  subject,  in  which  the 
gradual  variations  of  resistance  corresponding  to  different 
velocities  should  alt  be  determined  by  experiment :  but  be 
was  then  newly  engaged  in  an  important  aratlaborious  em- 
ployment, as  chief  engineer  to  the  East  India  Company, 
in  whose  service  he  went  out  to  India,  where  be  died  in 
less  than  two  yean.  It  is  to  be  regretted  that  no  person 
baa  prosecuted  these  experiments.  It  would  be  neither  la- 
borious nor  diflcuU,  and  would  add  more  to  the  hnpnrre- 
ment  of  artillery  than  any  thing  that  has  been  done  since 
Mr  Rebus's  death,  if  we  except  the  prosecution  of  his  ex* 
perimants  on  the  initial  vekwities  of  cannon-shot  by  D* 
Charms  Hutton,  royal  professor  at  the  Woolwich  Acade- 
my.    It  is  to  be  hoped  that  this  gentieraao,  after  having 
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with  nidi  effect  and  success  extended  Mr  Rubine's  experi- 
ments on  the  initial  velocities  of  muaket-ahot  to  cannon, 
will  take  up  this  other  subject,  and  thus  give  the  art  of  ar- 
tillery all  the  scientific  foundations  which  it  can  receive  in 
the  present  state  of  our  mathematical  knowledge.  Till 
then  we  must  content  ourselves  with  the  practical  rules 
which  Robins  has  deduced  from  his  own  experiments.  As 
he  has  not  given  us  the  mode  of  deduction,  we  must  com- 
pare the  results  with  experiments.  He  has  indeed  giTen 
a  very  extensive  comparison  with  the  numerous  experiments 
made  both  in  Britain  and  on  the  continent ;  and  the  agree- 
ment is  very  great  His  learned  commentator  Euler  baa 
been  at  no  pains  to  investigate  these  rules,  and  has  employ- 
ed himself  chiefly  in  detecting  errors,  most  of  which  are 
supposed,  because  he  takes  for  a  finished  work  what  Mr 
Robins  only  gives  to  the  public  as  a  hasty  but  useful  sketch 
of  a  new  and  very  difficult  branch  of  science. 

The  general  result  of  Robins'*  experiments  on  the  re- 
tardation of  musket-shot  is,  that  although  in  moderate  ve- 
locities^ the  resistance  is  so  nearly  in  the  duplicate  propor- 
tion of  the  velocities  that  we  cannot  observe  any  deviation, 
yet  in  velocities  exceeding  200  feet  per  second  the  retard- 
ations increase  faster,  and  the  deviation  from  this  rate  in- 
creases rapidly  with  the  velocity.  He  ascribes  this  to  the 
causes  already  mentioned,  viz.  the  condensation  of  the  air 
before  the  bail  and  to  the  rarefaction  behind,  in  consequence 
of  the  air  not  immediately  occupying  the  space  left  by  the 
bullet.  This  increase  is  so  great,  that  if  the  resistance  to 
a  ball  moving  with  the  velocity  of  1700  feet  in  a  second  be 
computed  on  the  supposition  that  the  resistance  observed 
in  moderate  velocities  is  increased  in  the  duplicate  ratio  of 
the  velocity,  it  will  be  found  hardly  one-third  part  of  its 
real  quantity.  He  found,  for  instance,  that  a  ball  moving 
through  1670  feet  in  a  second  lost  about  ISA  feet  per 
second  of  its  velocity  in  passing  through  50  feet  of  air. 
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This  it  must  have  done  in  the  5'g  of  a  second,  to  wfcicJl 
time  it  would  have  lout  one  foot  if  projected  duwctiy  up- 
wards ;  from  which  it  appears  that  the  resistance  was about 
185  times  its  weight,  and  more  than  three  times  greater 
than  if -it  had  increased  from  the  Keristanee  in  small  veloci- 
ties in  the  duplicate  ratio  of  the  velocities.  'He  relate* 
other  experiments  which  show  similar  results. 

But  he  also  mentions  a  singular  ciresmtstanoa,  that  till 
thfe  velocities  exceed  1100  feet  per  second,  the  resistance* 
increase  pretty  regularly,  in  a  ratio  exceeding  the  duplicate 
ratio  of  the  velocities ;  but  that  in  greater  velocities  the  ce- 
sHtances  become  suddenly  triple  of  what  they  would  issve 
been,  even  according  to  this  law  of  increase.  He  think* 
th'»  explicable  by  the  vacuum  which  is  then  left  behind  the 
ball,  it  being  well  known  that  air  rushes  into  a  vneanm 
with  the  velocity  of  1138  fret  per  second  nearly.  MrEa- 
ler  controverts  this  conclusion,  as  inconsistent,  with  that  gra. 
darion  which  »  observed  in  all  the  operations  of  nature ; 
and  says,  that  although  the  vacuum  is  net  produced  in 
smaller  velocities  than  this,  the  air  behind  the  ball  OMist  be 
.  so-nae  (the  space  being  but  imperfectly  tilled),  that  tat 
pressure  on  the  anterior  part  of  the  ball  must  gradually  ap- 
proximate to  that  pressure  which  an  absolute  vacuum  would 
produce ;  but  this  is  like  his  other  criticisms.  Robins  does  no 
where  assert  that  this  sudden  change  of  resistance  hnrsnani 
in  the  transition  of  the  velocity  from  1188  feet  to  that  af 
1131  fret  11  inches  or  the  like,  but  only  that  it  is  very  sud- 
den and  very-great.  It  may  be  strictly  demonstrated,-  that 
such  a  change  must  happen  in  a  narrow  enough  limit  of 
velocities  to  justify  the  appellation  of  sudden :  a  aaailar 
feet  may  be  observed  in  the  motion  of  a  solid  through  wa- 
ter. If  it  be  gradually  accelerated,  fcbe  water  will  be  found 
nearly  to  fill  up  its  place,  till  the  velocity  arrives  at  a  cer- 
tain magnitude*  corresponding  to  the  immersion  of  the  bo- 
dy in  the  water ,-  and  then  the  smallest  augmentation  of  its 
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ntotibn  itnrnediately  prodluMfa  h  void  bcnmd  it,  Mb  which 
the  wirter  ruslies  in  a  violent  manner,  aria!  is  dashed  into 
froth.  A  gentleman,  who  has  had  many  opportunities  for 
such  observations,  assures  us,  that  when  standing  near  the 
line  of  direction  of  a  cannon  discharging  a  ball  with  a  large 
allotment  of  powder,  so  that  the  Jntfiil  velocity  certainly 
exceeded  1 100  feet  per  second,  he  always  observed  ft  very 
sodden  diminution  of  the  noise  which  the  bullet,  made  dar- 
ing its  passage.  Although  (he  ball  was  doming  tbwaifds 
him,  and  therefore  its  noise,  if  equable,  would  be  Corftihu- 
ally  increasing,  fie  observed  that  it  was  loudest  at  first 
That  this  continued  for  a  second  or  two,  and  suddenly  di- 
minished, changing  to  a  sound  which  was  not  only  weaker, 
but  differed  in  kind,  and  gradually  increased  as  the  bullet 
appMMehed  him.  He  said,  that  the  first  noise  was  like  the 
hissing  of  red-hot  iron  in  water,  and  that  the  subsequent 
notle  father  resembled  a  hazy  whistling.  Sdch  a  change 
of  Sound  is  a  necessary  consequence  of  the'  different  agita- 
tion of  trie  air  in  the  tV6  aSseft'.  We  know  also,  that  ah? 
rushing  into  a  void,  as  when'  we  treat  an  exhausted  bottle, 
tthfcea  a  report  like  ft  riAiiket. 

Ht  ifcettmrs'  assertion'  Therefore  has  every  argument  for 
hs  truth  that  the  nature  'of  the  thing-  will  admit.  But  we 
are  not  left  to  this  vague  reasoning :  his  experiments  show 
us  this  diminution  of  resistance.  It  clearly  appears  from, 
them,  that  in  a  velocity  of  1700  feet  the  resistance  is  more 
than  three  times  the  resistance  determined  by  the  theory 
whicTi  he  supposes' me  coinnibn  one.  When  the  velocity  was 
1065  feet,  the  actual  resistance  was  V  of  the  theoretical ; 
and  when  the  velocity'  was  400  feet,  the  actual  resistance 
was  fltout  |  of  the  theoretical.  That  he  assumed  a  theory 
of  resistance  wnlcn  gave  them  all  too  small;  is  of  no  conse- 
quence in  the  present  argument. 

Mr  Robins,  in  summing  up  the  results' of  his  observa- 
tions on  this  subject,  gives  a  rule  very  easily  remembered 
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for  computing  the  resistances  to  those  very  rapid  motions. 
Let  AB  represent  the  velocity  of  1700  feet  per  second,  and 


A  C  B  D 

AC  any  other  velocity.  Make  BD  to  AD  as  the  resist- 
ance given  by  the  ordinary  theory  to  the  resistance  actually 
observed  in  the  velocity  1700 :  then  will  CD  be  to  AD  as 
the  resistance  assigned  by  the  ordinary  theory  to  the  velo- 
city AC  is  to  that  which  really  corresponds  to  it. 

To  accommodate  this  to  experiment,  recollect  that  a 
sphere  of  the  size  of  a  12-pound  iron  shot,  moving  25  feet 
in  a  second  %  had  a  resistance  of  T'B  of  a  pound.  Augment 
this  in  the  ratio  of  25*  to  1700*,  and  we  obtain  210  near- 
ly for  the  theoretical  resistance  to  this  velocity ;  but  by 
comparing  its  diameter  of  4£  inches  with  |,  the  diameter 
of  the  leaden  ball,  which  had  a  resistance  of  at  least  1 1 
pounds  with  this  velocity,  we  conclude  that  the  12-pound 
shot  would  have  had  a  resistance  of  396  pounds :  therefore 
BD:  AD  =  810:396,  and  AB:  AD  =  186:  396;  and 
AB  being  1700,  AD  will  be  3613. 

Let  AD  =  a,  AC  =  x,  and  Let  R  be  the  resistance  to 
a  12-pound  iron  shot  moving  one  foot  per  second,  and  r 
the  resistance  (in  pounds)  wanted  for  the  velocity  k  ;  we 

have  r  =  R  — - — .    Mr  Robins's  experiments  give  R  = 

fyfoQ  verv  nearly.  This  gives  Bo  =  0,263235,  which 
is  nearly   one-fourth.     Thus  our  formula  becomes  r  = 

3618-x'  or  **J  netriJ  4(8613 -«)*  Mlm«  ahoTtot 
the  truth  about  ,lBth  part.  The  simplicity  of  the  formula 
recommends  it  to  our  use,  and  when  we  increase  ita  result 
bV  it  is  incomparably  nearer  to  the  true  result  of  the  theo- 
ry as  corrected  by  Mr  Robins  than  we  can  hope  that  the 
theory  is  to  the  actual  resistance.     We  can  easily  see  that 
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Mr  Rflbius's  correction  is  only  a  sagacious  approximation. 
If  we  suppose  the  velocity  8613  feet,  a  very  possible  thing, 
the  resistance  by  this  formula  is  infinite,  which  cannot  be. 
We  may  even  suppose  that  the  resistance  given  by  the  for- 
mala  is  near  the  truth  only  in  such  velocities  as  do  not 
greatly  exceed  1700  feet  per  second.  No  military  projec- 
tile exceeds  2200,  and  it  is  great  folly  to  make  it  so  great, 
e  it  is  reduced  to  1700  almost  in  an  instant,  by  the 


The  resistance  to  other  balls  will  be  made  by  taking  them 
in  the  duplicate  ratio  of  the  diameters. 

It  has  been  already  observed,  that  the  first  mathemati- 
cians of  Europe  have  lately  employed  themselves  in  im- 
proving this  theory  of  the  motion  of  bodies  in  a  resisting 
medium ;  but  their  discussions  are  such  as  few  artillerists 
can  understand.  The  problem  can  only  be  solved  by  ap- 
proximation, and  this  by  the  quadrature  of  very  complicat- 
ed curves.  They  have  not  been  able  therefore  to  deduce 
Iran  them  any  practical  rules  of  easy  application,  and  have 
been  obliged  to  compute  tables  suited  to  different  cases. 
Of  these  performances,  that  of  the  Chevalier  Borda,  in  the 
Memoirs  of  the  Academy  of  Sciences  in  1769,  seems  the 
best  adapted  to  military  readers,  and  the  tables  are  un- 
doubtedly of  considerable  use ;  but  it  is  not  too  much  to 
say,  that  the  simple  rules  of  Mr  Robins  are  of  as  much  ser- 
vice, and  are  more  easily  remembered :  besides,  it  must  be 
observed,  that  the  nature  ■  of  military  service  does  not  give 
room  for  the  application  of  any  very  precise  rule.  The  only 
advantage  that  we  can  derive  from  a  perfect  theory  would  be 
an  improvement  in  the  construction  of  pieces  of  ordnance, 
tad  a  more  judicious  appropriation  of  certain  velocities  to 
certain  purposes:  The  service  of  a  gun  or  mortar  must 
always  be  regulated  by  the  eye. 

There  is  another  motion  of  which  air  and  other  elastic 
fluids  are  susceptible,  viz.  an  internal  vibration  of  their 
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pmkto,  of  iminiiiinn,  bi  tW>  w  qwwW  www*  <* 
•it »  4jtnlwto4  «*>.  Hew**  ew*  «f  »»<iim  1  mi 

W^m  «F»  »**^  «K  «»>i»Bl)lj  *W>»  <4«  cowiiBo. 
■MMMt  fhiprnig  ihrir  eIui  By  this  ofajWfls)  that  iinst 
<V*W^o  which  i*.  pa^du^  |fl  ona>  nartof  t>e  «?  in  snaa, 
dually  tt|ffifag"4  along  the,  inaas  of  fin  to  the  fnaaaasa)  <W 
traces  in  all  dJLrqctjip^f.  It  is  of  iinppstanpe  to  tm  «"•»* 
diatinct  conception  of}  thjs,  Indian.  It  i*  fraud,  *ft  W  Iff 
this  means  that  distant  bodies  produce  in,  us  the  aajaaajajaaj 
of  sound.  Sif  Isaag  Nekton,  fteated.  thja  aufcjcct  -tfl|  bia 
accustomed  ingenuity,  and  baa  given,  ua.  a  theory  o£i£  in 
the  end  of  the  second  book  of  his,  Priw^t^a.  TO»*b«pry 
lias  been  objected  to  with  respect  tp  the  co|?du^ei£  the,  fr- 
agment, and  other  explanations,  bajre  been,  a^en;  b#  the 
moat  emuient  niathemaflfiaaa,  Though,  they  appeag  V 
d#ei,frop\  Newton's,  %ir  ijesujja-  ax*  nrecjacly,  the,  aaana ; 
but,  on^ch^  exanimatioa,  thej  dJ^er  09,  snmje  thjua^oha 
BernouiJJi'a  theorem  of  centripetal  forces  diftrR  fnasn,  fya*. 
fcn^yifrth*  one  beipg  expressed  by  geo^ 
by  literal  analysis.  The  celebrated  De,  Ja.  Change  reduces 
Newton's  investigation  to  u  ^tologicaj  oispoff&p  05  '<**»* 
tjcal  oa^atipn ; but  $>  Yi«wig  of,  Tiwfj,  College,  ^blia, 
baa,  by.  a  djffcrent  tnm.  of  exn^ssjon,  freed,  NflWtfln>  met 
thod  from  this  objection.. 

But  since  Newton,,  pubjfshed  this  theory  of  aerud  undu- 
lations, ant),  of  their  propagation  along  the  air,  and  since 
the  theory  has  been  bo  corrected  and,  unprqyejd  as  to  be  re- 
ceived, by  the  moat  accurate  phijosophera  as  a  branch  of 
natural  philosophy  susceptible  of  rigid,  demooayrajippt  >* 
baa  been  freely  resorted  to  by  many  writerfi.on  other  parts 
of  natural  science,  who  did  not  profess  to  be  mathonianV 
cians,  but  made  use  of  it  for  explaining  phaanywaa,  ift  their 
own  line  on  the  authority  of  the.  nufhematjejaps  thesnaplypn. 
Learning  from  them  that  this  vibration,  and  the  quaqaa- 
Vtrtun  piopagafton  of  the  pulses,  were  the  necessary  pp* 
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fMtut  of  an  elastic  fluid,  and  that  the  nudity  of  tlas  pro- 
psflaaVin  bad  »'  carton  asatgnabte  proportion  to  the  elaati. 
«ity  and  dcawisy  of  the  fluid,  they  freely  made  use  ot'  these 
taoMtmum,  and  hare  introduced  elastic  ribnuiag  fluids  in- 
to  assay  facts,  where  others  would  suspect  bo  toea  thing, 
explain  by  their  means  many  ab* 
\  of  nature^  Ethan  are  everywhere  in- 
■odBOBJ,  endued  with  gnat  elasticity  aad  taitrity.  Vibra- 
tions and  pulses  am  supposed  ia  this  ether,  and  these  are 
affirrwd  as  eaplaiuuasBH.  The  doctrines  of  aniraal  spirita 
aad  nervous  flniila,  aad  the  whole  mechanical  system  of 
Hartley,  by  which  the  opes  Brians  of  the  soul  are  said  to'ba 
e^qpfanoenV  hare  their  foundation:  ia  thia  theory  of  aerial 
unduIatiooB.  If  these  fancied  fluids,  and  their  internal'  n- 
Watioaa,  really  operate  in  the  phenomena  ascribed  to  them, 
any  eipbinaainti  that  can  he  given  of  the  phenomena,  from 
this  principle  must  be  nothing  else  than  showing  that  the 
legitimate  consequence*  of  these  u  adulations  are  similar  to 
the  phenomena ;  ot,  if  we  are  no  more  able  to  see  this  last 
step  the*  in  the  ease  of  sound  (which  we  knew  to  be  ame 
iwainnqmnct  of  the  aerial  undulations,  although  we  cannot 
trtt  how),  we  must  be  able  to  point  out,  as,  in  the  case  of 
sound,  certain  constant  relations  between  the  general  laws 
of  these  undulations  and  the  general  laws  of  the  pheno- 
mena. It  is  only  in  this  way  that  we  think  ourselves  en- 
titled to  say  that  the  aerial  undulations  are  causes,  though 
not  the  only  causes,  of  sound  ;  and  it  is  because  there  is  no 
such,  relation,  but,  on  the  contrary,  a  total  dissimilarity,  to 
be  observed  between  the  laws  of  elastic  undulations  and 
the  laws  of  the  propagation  of  light,  that  we  assert  with 
confidence  that  ethereal  undulations  are  not  the  causes  of 
vision. 

Explanations  of  this  kind  suppose,  therefore,  in  the  first 
place,  that  the  philosopher  who  proposes  theni  understands* 
precisely  the  nature  of  these  undulations;  in  the  next 
place,  that  be  makes  his  Mader  sensible  of  those  circutn- 
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stances  of  them  which  are  concerned  in  tbe  effect  to  be  ex- 
plained ;  and,  in  the  third  place,  that  be  makes  tbe  reader 
understand  how  this  circumstance  of  the  vibrating  fluid  is 
connected  with  the  phenomenon,  either  by  showing  it  to 
be  its  mechanical  cause,  as  when  tbe  philosopher  explains 
the  resounding  of  a  musical  chord  to  a  flute  or  pipe  which 
gave  the  same  tone ;  or  by  showing  that  this  circumstance 
of  the  undulation  always  accompanies  tbe  phenomenon,  as 
when  the  philosopher  shows  that  288  vibrations  of  air  in  a 
second,  in  whatever  manner  or  by  whatever  cause  they  are 
produced,  always  are  followed  by  the  sensation  of  the  tone 
C  in  the  middle  of  the  harpsichord. 

But  here  we  most  observe,  that,  with  the  exception  of 
Euler's  unsuccessful  attempt  to  explain  the  optical  pheno- 
mena by  the  undulations  of  ether,  we  have  met  with  no 
explanation  of  natural  phenomena,  by  means  of  elastic  and 
vibrating  fluids,  where  the  author  has  to  much  as  attempt- 
ed any  one  of  these  three  things,  bo  indispensably  requisite 
in  a  logical  explanation.  They  have  talked  of  vibrations 
without  describing  them,  or  giving  the  reader  the  least  no- 
tion of  what  kind  they  are ;  and  in  no  instance  that  we  can 
recollect  have  they  snowed  bow  such  vibrations  could  have 
any  influence  in  the  phenomenon.  Indeed,  by  not  de- 
scribing with  precision  the  undulations,  they  were  freed 
from  the  task  of  showing  them  to  be  mechanical  causes  of 
the  phenomenon ;  and  when  any  of  them  show  any  analogy 
between  the  general  laws  of  elastic  undulations  and  the 
general  laws  of  the  phenomenon,  the  analogy  is  so  vague, 
indistinct,  or  partial,  that  no  person  of  common  prudence 
would  receive  it  as  argument  in  any  case  in  which  be  was 
much  interested. 

We  think  it  our  duty  to  remonstrate  against  this  sloven- 
ly way  of  writing :  we  would  even  hold  it  up  to  reproba- 
tion. It  has  been  chiefly  on  this  faithless  foundation  that 
the  blind  vanity  of  men  has  raised  that  degrading  system 
of  opinions  called  Materialism,  by  which  the  affections 
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and  faculties  of  the  soul  of  man  have  beta  resolved  into 
vibration!  and  pulses  of  ether. 

We  also  think  it  our  duty  to  give  mne  account  of  this 
motion  of  elastic  fluids.  It  must  be  such  an  account  as  shall 
be  understood  by  those  who  see  not  mathematicians,  be- 
cause those  only  are  in  danger  of  being  misled  by  the  im- 
proper application  of  them.  Mathematical  discussion  is, 
however,  unavoidable  is  a  subject  purely  mathematical ; 
but  we  shall  introduce  nothing  that  may  not  be  easily 
understood  or  confided  in ;  and  we  trust  that  mathemati- 
cal readers  will  excuse  us  for  a  mode  of  reasoning  which 
appears  to  them  lax  and  inelegant. 

The  first  thing  incumbent  on  us  is  to  show  how  elastic 
fluids  differ  from  the  unelastic  in  the  propagation  of  any 
agitation  of  their  parts.  When  a  long  tube  is  filled  with 
water,  and  any  one  part  of  it  pushed  out  of  its  place,  the 
whole  is  instantly  moved  like  a  solid  mass.  But  this  is 
not  the  case  with  air.  If  a  door  be  suddenly  shut,  the 
window  at  the  farther  end  of  a  long  and  close  room  will 
rattle ;  but  some  time  will  elapse  between  the  shutting  of 
the  door  and  the  motion  of  the  window.  If  some  light  dust 
be  lying  on  a  braced  drum,  and  another  be  violently  beat 
at  a  little  ■*"*niW"  from  it,  an  attentive  observer  will  see 
the  dust  dance  -up  from  the  parchment ;  but  this  will  be  at 
the  instant  he  bears  the  sound  of  the  stroke  on  the  other 
drum,  and  a  sensible  time  after  the  stroke.  Many  such 
familiar  facts  show  that  the  agitation  is  gradually  commu- 
nicated along  the  air ;  and  therefore  that  when  one  par- 
ticle is  agitated  by  any  sensible  motion,  a  finite  time,  how* 
ever  small,  must  elapse  before  the  adjoining  particle  is  agi- 
tated in  the  same  manner.  This  would  not  be  the  case  in 
water  if  water  be  perfectly  incompressible.  We  think  that 
this  may  be  made  intelligible  with  very  little  trouble. 
As  Bft  C  D 

Let  A,  B,  C,  D,  &c.  be  a  row  of  aerial  particles,  at  such 
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distaoott  that  their  «Wtia*y  just  Inwennwe  th»f— wb  «f 
the  atmosphere ;  and  Jet  us  suppose  (aa  is  dedattibhi  fern 
tie  observed  density  of  air  being  proportion!  to  the  com- 
pnanog  face)  that  the  eJaatkaty  of  tie  particles,  by  which 
they  keep  each  othes  at  a  diatnn.de,  in  as  their  dntancea  ia- 
veraely.  Let  us&rther  suppose  that  the  particle.  A  haa 
baea  carried,  with  an  lyifawn  mobun,  to  a  by  some  axtas- 
nal  force.  It  is  evident  that  A  eanaot  remain  in  it*  pre- 
sent state;  far  being  now  Baajjat  to  a  than  Co  C,  it  ispso- 
pened  towards  C  by  the  excess,  of  the  ekntfnaty  of  A  above 
the  natural  ehnrticity  of  G.  Let  E  be  the  natural  elasticity 
of  the  particles,  or  the  force  corresponding  to  the  distant* 
BC  or  BA,  and  let  F  he  the  force  which  inipebt  B  towards 
C,  and  let,/  be  the  force  exerted  by  A  when  at  a.  We 
hem 

E  :/»fla:  BC,  =;Ba:  BA; 
and  £  :/—.S  =  Bo :  BA™Ba==  B  a:  As; 
orE:F~Ba:Ao. 
Now,  io  Fig.  89.  let  ABC  be  the  line  joining)  three  par- 
licit*,  to:  which  draw  FG,  J?H  parallel*  and  IAF;  HBG 
perpeodkuhuc.  Take  IF  or  HG  to  reanwaena  the  elasticny 
corresponding'  to  the  distance  AB.  Let  the  particle  A  be 
supposed  to  have  been  carried  with  an,  uniform  motion  to 
a  by  soma  external  force,  and  draw  fialtfi  aerpernhenh* 
toBG,  and  make  FI:RHsBi>:BA.  We  shall  then 
haseEI:PM  =  Bo:  An;  and  FM  will  represent  the 
force  with  which  the  particle  B  is  urged  towards  €.  Sup- 
pose.  this  construction  to  be  made  for  every  point  06 the  tine 
AB,  and  that  a  point  M  is  thus  datennined  fiw  each  of 
then,  mathematicians,  know  that  all  these  points  H  lie  in 
the  cuxve  of  a  hyperbola,  of  whioh  FG  and  GH  are  the 
asymptotes.  It  is  also  known  by  die  elements  of  mechanics, 
that  since  the.  motion  of  A  along  AB  is  uniform  A  a  or  IP 
may  be  taken  to  represent  the  time  of  describing  A  a ;  and 
that  the  area  IFM  represents  the  whole  velocity  which-  B 
has  acquired  in  its  motion  towards  C  when  A  has  come  to 
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o,  Urn  ime  lugging  B  being  ajwa$*  as  tbp  jw4»nP¥*rf 

the  ordinate. 

Take  GX  o£  any  I«g*  in  JJG  produced,  «d  let  GX 
HfWBt  the  velocity  which  tbe  unj&pn  notion  of  the  n*- 
ttmd  elasticity  IS  coutt  wwmariwti  to,  the  parcel*  B 
daring  the  time  that  A  wouM  uniform^  detente  4B. 
Moke  GX  to,  £Y  m  ti*  rectangle  IFGH  to  the  hype* 
base  apnea  SSBftt  and  draw  YS  wtting  MR  pro- 
duced in  S,  and  drew  PX  cutting  MB.  w  T.  It  is 
known  to  the  wwthrmatieinwl  that  tbe  powt  S  is  in  * curve 
fane  E»«  called  the  iogarithmk  aurax ;  pf  wh^b,  the  lead- 
ing pcapenvy  is,  that  any  line  BS  parallel  to  GX  "£  to  GX 
aa  the  nectangle  IFG-H  is  to  the  hyp**Belic  space  IfBH. 
aftd  that  EX  touches  the  cwro  in  F. 

This  being  the  case,  it  is  plain,  that  because,  B»T  in- 
crcasoo  hi  the  some  proportion  with  FB,  or.  with,  the  rect- 
angle IfiRP,  and  BoV  increases  ia  tbe  proportion,  of.  the 
space  IFAM,  TS  incieaaes  in  tbe  proportion  of  the  apace 
IPJtf.  Therefore  TS  is  proportional  to  the  velocity  e£  B 
when  A  has  readied  a,  and  BT  is  proportional  to  the  ve- 
locity  which  the  uniform  action  of  the  natural  elasticity 
would  communicate  to  B  in  the  same  time.  Then  since 
ET is  aathe  time,  asalTS  is  as  the  velocity,  the  area,  FfS 
wiU  be  aa  the  space,  described  by  B  (urged  by  the.  variable 
force  EM)  ;  while  A,  urged  by  the  external  force,  describes 
As.;  and' the  triangle  FB.T  will  represent. the  spaee  which 
tbe  uniform  action  of  the  natural  elasticity  would;  cause  B 
to  describe  in  the  same  time.  , 

And)  thus  it  ia  plain  that  these  three  motions  can  be  com. 
pared  together :  the  uniform  motion  of  the  agitated  par- 
tide  A,  the  uniformly  accelerated  motion  which  the  natu- 
ral, elasticity  would  communicate  to  B  by  its  constant  ac- 
tk»,  and  the  motion  produced  in.  B  by  the  agitation  of  A. 
But  this  comparison,  requiring  the  quadrature  o£  tbe  hy- 
perbola and  logarithmic  curse,  would  lead  us  into  moat 
intricate  and  tedious  computations.  -  Of  these  we  need  only 
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give  the  result,  and  nuke  some  other  comparisons  which 
are  palpable. 

Let  A  a  he  supposed  indefinitely  smaH  in  comparison  of 
AB.  The  space  described  by  A  is  therefore  indefinitely 
small ;  but  in  this  case  we  know  that  the  ratio  of  the  space 
FRT  to  the  rectangle  IFRP  is  indefinitely  small.  There 
is  therefore  no  comparison  between  the  agitation  of  A  by 
the  external  force,  and  the  agitation  which  natural  elasticity 
would  produce  on  a  single  particle  in  the  same  time,  the 
last  being  incomparably  smaller  than  the  first.  And  this 
space  FRT  is  incomparably  greater  than  FTS;  and 
therefore  the  space  which  B  would  describe  by  the  uniform 
action  of  the  natural  elasticity  is  incomparably  greater  than 
what  it  would  describe  in  consequence  of  the  agitation  of  A 
From  this  reasoning  we  see  evidently  that  A  must  be 
sensibly  moved,  or  a  finite  or  measurable  time  must  elapse 
before  B  acquires  a  measurable  motion.  In  like  manner  B 
must  move  during  a  measurable  time  before  C  acquires  a 
measurable  motion,  be. ;  and  therefore  the  agitation  of  A 
is  communicated  to  the  distant  particles  in  gradual  succes- 
sion. 

By  a  farther  comparison  of  these  spaees  we  learn  the  time 
in  which  each  succeeding  particle  acquires  the  very  agita- 
tion of  A.  If  the  particles  B  and  C  only  are  considered, 
and  the  motion  of  C  neglected,  it  will  be  found  that  B  has 
acquired  the  motion  of  A  a  little  before  it  has  described  J 
of  the  space  described  by  A ;  but  if  the  motion  of  C  be 
considered,  the  acceleration  of  B  must  be  increased  by  the 
retreat  of  C,  and  B  must  describe  a  greater  space  in  pro- 
portion to  that  described  by  A.  By  computation  it  ap- 
pears, that  when  both  B  and  C  have  acquired  the  velocity 
of  A,  B  has  described  nearly  £  of  A's  motion,  and  C  more 
nearly  J.  Extending  this  to  D,  we  shall  find  that  D  has 
described  still  more  nearly  £  of  A's  motion.  And  from  the 
nature  of  the  computation  it  appears  that  this  s 
tion  goes  on  rapidly  :  therefore,  supposing  it  a 
7 
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the  very  first  particle,  it  fallows  from  the  equable  motion 
of  A,  that  each  succeeding  particle  moves  through  an  equal 
space  in  acquiring  the  motion  of  A. 

The  conclusion  which  we  must  draw  from  all  this  is,  that 
when  the  agitation  of  A  has  been  fully  communicated  to  a 
particle  at  a  tewiblc  distance,  the  intervening  particles,  all 
moving  forward  with  a  common  velocity,  are  equally  com- 
pressed as  to  sense,  except  a  very  few  of  the  first  particles ; 
and  that  this  communication,  or  this  propagation  of  the  ori  - 
ginal  agitation,  goes  on  with  an  uniform  velocity. 

These  computations  need  not  be  attended  to  by  such  as 
do  not  wish  for  an  accurate  knowledge  of  the  precise  agi- 
tation of  each  particle.  It  is  enough  for  such  readers,  to 
see  clearly  that  time  must  escape  between  the  agitation  of 
A  and  that  of  a  distant  particle ;  and  this  is  abundantly 
manifest  from  the  incoraparability  (excuse  the  term)  of  the 
nascent  rectangle  IFRP  with  the  nascent  triangle  FRT, 
and  the  incoroparability  of  FRT  with  FTS. 

What  has  now  been  shown  of  the  communication  of  any 
sensible  motion  A  a  must  hold  equally  with  respect  to  any 
change  of  this  motion.  Therefore  if  a  tremulous  motion  of 
a  body,  such  as  a  spring  or  bell,  should  agitate  the  adjoin- 
ing particle  A  by  poshing  it  forward  in  the  direction  AB, 
and  then  allowing  it  to  come  back:  again  in  the  direction 
BA,  an  agitation  similar  to  this  will  take  place  in  all  the 
particles  of  the  row  one  after  the  other.  Now  if  this  body 
vibrate  according  to  the  law  of  motion  of  a  pendulum  vi- 
brating in  a  cycloid,  the  neighbouring  particle  of  air  mil  of 
natality  vibrate  in  the  same  manner ;  and  then  Newton's 
demonstration  needs  no  apology.  Its  only  deficiency  was, 
that  it  seemed  to  prove  that  this  would  be  the  way  in  which 
every  particle  would  of  necessity  vibrate ;  which  is  not  true, 
for  the  successive  parcels  of  air  will  be  differently  agitated 
according  to  the  original  agitation.  Newton  only  wants  to 
prove  the  umfonn  propagation  of  the  agitations,  and  he  se- 
lects that  form  which  renders  the  proof  easiest.    He  proves, 
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in  (he  most  uanceepWiable  mariner,  that  it  thepattiekse  of 
s  pulse  of  air  are  really  moving  like  a  cycsoicku  pendulate, 
the  forces  acting  on  each  particle*  in  consequence  of  the 
compression  and  dilatation  of  the  different  parte  of  the 
pulse,  are  precisely  such  aa  are  necessary  far  continuing 
this  notion,  and  therefore  no  other  force*  are  rcaenraal. 
Then  since  each  particle  is  as  a  certain  past  of  ita  path,'  * 
moving  hi  a  certain  direction,  and  with  a  certain  velocity, 
and  urged  by  a  determined  force,  it  mopf  more  in  that  tery 
manner.  The  objection  started  by  John  BenwuiHi  agaarat 
Newton's  demonstration  (in  a  single  hoe)  of  the  elbpQcal 
motion  of  a  body  urged  by  a  farce  in  the  inverse  dopKcate 
ratio  of  the  distance  from  the  focus,  is  precJBely  the  same 
with  the  objection  against  Newton's  demonstration  of  tan 
progress  of  aerial  undulations,  and  is  equally  ftvtith 

It  mutt,  however,  be  observed,  that  Newton's  dwtnat- 
stranbn  proceeds  on  the  supposition  that  the  httatr  agim- 
tions  of  a  particle  are  incomparably  BroaUsr  than  the  extent 
of  an  undulation.  This  is  not  strictly  the  owe;  in  any  in- 
stance, and  in  many  it  is  rar  from  being  true.  In  a  pretty 
strung  twang  of  a  harpsichord  wire,  the  agitatwst  of  a  par- 
ticle may  he  near  the  00th  put  of  the  extant  of  the  undu- 
lation. Thn  must  disturb  the  regularity  of  the  tnotioB, 
and  cause  the  agitations  in  the  remote  undulations  n>  dufir 
ftcan  those  in  the  first  pulse.  In  the  exattxtoa  of  a  a 
the  breaking  of  an  exhausted  bottle,  and  many  h 
which  may  be  given,  the  agitations  are  itJU  greater.  The 
commentators  on  Newton's  JVmdpnt,  Le  Suetir  and  Jae- 
quier,  hate  shown,  and  Euler  more  clearly,  that  when  the 
original  agitations  are  very  violent,  the  nartjcler  of  air  wiil 
acquire  a  subordinate  vibration  cooipounded  with  the  rega- 
Ur  cycloidal  vibration,  and  the  progress  of  the  pishns  will 
he  somewhat  more  rapid  ;  but  the  intrieacy  of  the  eaictllm 
is  so  great,  that  they  have  not  betri  aMe  to  determine  with 
any  tolerable  precision  what  the  change  of  velocity  win"  he. 

AH  this,  however,  is  fully  cenfirnred  by  experiitient  en 
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Bounds.  TfaB  wmdof  a  umi  ii  at  10  or  98  mites  djatanee 
noes  not  in  the  least  resemhfe  its  sound  when  near,  la 
this  caw  it  i*  a  laud  instantaneous  etvck,  to  which  we  on 
—jyi  bo  mneical  pitch  :  at  a  distance,  it  is  a  grave  Bound* 
of  which  we  can  ten  the  note;  and  it  begins  softly,  sweat 
to  ha  greatest  loudness,  and  then  dies  away  growling.  The 
aaoWBuy  be  said  of  a  clap  of  thunder,  which  We  know  to 
be  a  loud  snap  of  still  less  duration.  It  is  highly  probable 
that  the  appreciable  tone  which  those  distant  sounds  aflbrd 
a»  ptodoesd  by  the  continuance  of  these  subordinate  vi- 
bftationa  which  are  added  together  and  fortified  in  the  sue- 
dessrve  pulses,  though  not  perceptible  in  the  first,  in  a  way 
somewhat  reaembfiag  the  resonance  of  a  musical  chord 
MewtnaVs  «phmatkm  gathers  evidence  therefore  from  this 
eirtumstanaev  And  we  mutt  further  observe,  that  aH 
elastic  nodntB  tremble  or  vibrate  ahnost  precisely  as  a  pejs> 
dnlum  swinging  hi  a  cycloid,  unless  their  vibrations  are  roi?- 
oonttnoiny  vistent;  in  which  case  they  are  quickly  reduced 
to  a  moderate  quantity  by  the  resistance  of  the'  air.  The 
only  Very  feud  sounds  which  we  can  produce  in  this  way 
are  from  great  bens ;  and  in  these  the  utnanst  extent  of  the 
vibration  is  very  small  in  comparison,  with  the  breadth  of 
dfentasn,  Tnwvelocity  of  these  sounds  has  not  been  com- 
pared with  that  of  cannon,  or  perhaps  it  would  be  found 
leas,  ami  an>  «fcj«Jt»n  against  Newton*  detcrtnifletiton  ret- 
moved.  He  gfces  960  feet  per  second,  Experiment  1142. 
But  it  is  aim  very  pwhaUe,  that  in  the  propagation 
through  die  ain,  the  agitation  gradually  and  rapidly  af* 
proaanes  to  nam  regular  cycacidnl  form  in  the  successive 
pulses,  in  the  same  way  as  we  observe  that  whatever  Is  the 
form  of  agiCatieu  in  the  middle  of  a  smooth,  pand  of  water, 
the  spreading  co-dies  are  always  of  one  gentle  form  without 
asperities.  In  like  manner,  into  whatever  form  we  throw  a 
stretched  cord  by  the  twang  which  we  give  it,  it  almost 
mtnedhUery  makes  smooth  undulations,  keeping  iteelf  in  the 
shape  of  an  etbngeted  trochoid.     Of  this  last  we  can  de- 
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monstrate  the  necessity,  because  the  cue  is  simple.  In  the 
ware,  the  investigation  ia  next  to  impossible ;  but  we  ace 
the  fact.  We  may  therefore  presume  it  in  air.  And  ac- 
cordingly we  know  that  any  noise,  however  abrupt  and  jar- 
ring, near  at  hand,  is  smooth  at  a  distance.  Nothing  is 
more  rough  and  harsh  than  the  scream  of  a  baron ;  but  at 
half  a  mile's  distance  it  is  soft.  The  ruffle  of  a  drum  is 
also  smooth  at  a  distance. 

Pig.  90.  shows  the  successive  situations  of  the  particles 
of  a  row.  Each  line  of  the  figure  shows  the  same  particles 
marked  with  the  same  letters ;  the  first  particle  a  being 
supposed  to  be  removed  successively  from  its  quiescent  si- 
tuation and  back  to  it  again.  The  mark  x  is  put  on  that 
part  of  each  line  where  the  agitated  particles  are  at  their  na- 
tural distances,  and  the  air  is  of  the  natural  density.  The 
mark  1  is  put  where  the  air  is  most  of  all  compressed,  and 
:  where  it  is  most  of  all  dilated;  the  curve  line  drawn 
through  the  lowest  line  of  the  figure  is  intended  to  repre- 
sent the  density  in  every  point,  by  drawing  ordinatea  to  it 
from  the  straight  line :  the  ordinatea  below  the  line  indi- 
cate a  rarity,  and  those  above  the  line  a  density,  greater 


It  appears  that  when  a  has  come  back  to  its  natural  si- 
tuation, the  part  of  greatest  density  is  between  the  par- 
ticles i  and  i,  and  the  greatest  rarity  between  e  and  d. 

We  have  only  to  add,  that  the  velocity  of  this  propaga 
tion  depends  on  the  elasticity  and  density  of  the  fluid.  If 
these  vary  in  the  same  proportion,  that  is,  if  the  fluid  has 
its  elasticity  proportional  to  its  density,  the  velocity  will 
remain  the  same.  If  the  elasticity  or  density  -  alone  be 
changed,  the  velocity  of  the  undulations  will  change  in  the 
direct  subduplicate  ratio  of  the  elasticity  and  the  inverse 
aubduplicate  ratio  of  the  density ;  for  should  the  elasticity 
be  quadrupled,  the  quantity  of  motion  produced  by.  it  in 
any  given  time  will  be  quadrupled.  This  will  be  the  case 
if  the  velocity  be  doubled;  for  there  would  then  be  double 
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the  number  of  particles  doubly  agitated.  ShooU  the  den- 
sity be  quadrupled,  the  elasticity  WMMig  {he  mtoe,  the 
quantity  of  motion  mutt-  remain  the  same.  This  will  be 
the  case  if  the  Telocity  be  reduced  to  one  half;  forthiawill 
propagate  half  the  agitation  to  half  the  distance,  which  will 
communicate  it  to  twice  the  number  of  particles,  aad  the 
quantity  of  motion  will  remain  the  nine.     The  hhm  may 

be  said  of  other  proportions,   and    therefore  V= . 

Vd~ 

Therefore  a  change  in  the  barometer  wilt  not  affect  the  Te- 
locity of  the  undulations  in  air,  but  they  will  be  accelerat- 
ed by  heat,  which  diminishes  its  density,  or  increases  its 
elasticity.  The  Telocity  of  the  pulses  in  inflammable  air 
must  be  at  least  thrice  as  great,  because  its  density  is  but 
one-tenth  of  that  of  air  when  the  elasticity  of  both  are  the 
same. 

Let  us  now  attend  a  little  to  the  propagation  of  aerial 
pulses  as  they  really  happen ;  for  this  hypothesis  of  a  single 
row  of  particles  is  nowhere  to  be  observed. 

Suppose  a  sphere  A,  Fig.  91-  filled  with  condensed  air, 
and  that  the  Tessel  which  contains  it  is  suddenly  annihilat- 
ed. The  air  must  expand  to  its  natural  dimensions,  sup- 
pose BCD.  But  it  cannot  do  this  without  pressing  aside 
the  surrounding  air.  We  have  seen  that  in  any  single  row 
of  particles  this  cannot  be  at  once  diffused  to  a  distance,  bat 
must  produce  a  condensation  in  the  air  adjoining ;  which 
will  be  gradually  propagated  to  a  distance.  Therefore  this 
sphere  BCD  of  the  common  density  will  form  round  it  a 
shell,  bounded  by  EFG,  of  condensed  air.  Suppose  that 
at  this  instant  the  inner  air  BCD  becomes  solid.  The  shell 
of  condensed  air  can  expand  only  outwards.  Let  it  expand 
till  it  is  of  the  common  density,  occupying  the  shell  HIK. 
This  expansion,  in  like  manner,  must  produce  a  shell  of 
condensed  air  without  it:  at  this  instant  let  HIE  become* 
solid.     The  surrounding  shell  of  condensed  air  can  expand 
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only  outward,  coiidenranat  another  shell  without  it-  It  » 
plain  that  this  must  go  on  continually,  sad  the  central  agi- 
tation will  be  gradually  propagated  to  a,  distaace  io  •ill  di- 
rections.    But,  in  thia  process,  il 


particles  that  go  to  a  distance.  Those  of  the  « 
sphere  go  bo  further  than  BCD,  those  o£  the  MX*  |Ul|» 
Co  further  than  HIK,  &c.  Farther,  the  expamaion  <mU- 
vards  of  any  particle  will  be  more  moderate  as  the  diffu- 
sion, advances ;  for  the  whole  motion  of  each  shell  cannot 
exceed  the  original  quantity  of  motion ;  and  the  number  of 
particles  in  each  successive  shell  increases  as  the  surface, 
that  is,  as  the  square  of  the  distance  from  the  centre : 
therefore  the  agitation  of  the  particles,  will  decrease  in  the 
same  ratio,  or  wilt  be  in  the  inverse  duplicate  ratio  of  the 
distance  from  the  centre.  Each  successive  shell,  therefore, 
contains  the  same,  quantity  of  motion,  and  the  successive 
agitations  of  the  particles  of  any  row  out  from  the  centre 
will  not  be  equal  to  the  original  agitation,  as  happens  in  the 
solitary  row.  But  this  does  not  affect  the  velocity  of  the  pro- 
pagation, because  all  agitations  are  propagated  equally  fast 
We  supposed  the  air  A  to  become  solid  as  soon  as  it  ac- 
quired the  common  density ;  but  this  was  to  facilitate  the 
conception  of  the  diffusion.  It  does  not  stop  at  this  bulk ; 
for  while  it  was  denser  it  had  a  tendency  to  expand.  There- 
fore each  particle  has  attained  this  distance  with  an  accele- 
rated motion.  It  will,  therefore,  continue  this  motion  like 
a  pendulum  that  has  passed  the  perpendicular,  till  it  is 
brought  to  rest  by  the  air  without  it ;  and  it  is  now  rarer 
than  common  air,  and  collapses  again  by  the  greater  elas- 
ticity of  the  air  without  it.  This  outward  air,  therefore,  in 
regaining  its  natural  density,  must  expand  both  ways.  It 
expands  towards  the  centre,  following  the  collapsing  of  the 
air  within  it;  and  it  expands  outwards,  condensing  the 
air  beyond  it.  By  expanding  inwards,  it  will  again  con- 
dense the  air  within  it*,  and  this  will  again  expand ;  a  si- 
milar motion  happens  in  all  the  outward  shells ;  and  thus 
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there  ,is  jptapagated.  a  succession  of  condensed  and  rare- 
fied; shells  of  aic,    which  gradually  swell  to  the  greatest 


It  aiay  be  deouMstrated,  that  when  the  central  air  has 
fix  the  second  time  acquired  the  natural  density,  ii  will  be 
atxast,  apd.be  disturbed  np  more ;  and  that  Una  will  hap. 
pen  to  all  the  sheila  in  succession.  But  the.  denionaJration 
is,  much  toe  intricate  for  this,  place ;  we  must  be  contented 
with  pointing  out  a  fact  perfectly  ■pajpapna,  When  we 
drop  a  small  pebble  into  water,  we  see.  it.  produce  a  Beriea 
c£  circular  waves,  which  go  along  the  surface  of  smooth 
water  to  a  great  distance,  becoming  more  and  more  gentle 
as  they  recede  from  the  centre ;  and  the  middle,  where  the 
agitation  was  first  produced,  remains  perfectly  smooth,  and 
thai  sawothnesa  extends  continually  ;  that  ia,,  each  wave, 
when  brought  to  a  level,  remains  at  rest,  Now  these  wavea 
are  produced  and  propagated  by  the  depression  and  eleva- 
tion made  at  the  centre.  The  elevation  tends  to  diffuse 
itasjf;  and  the  force  with  which  each  particle  of  water  is 
■Miwtfed  is  a  force  acting  directly  up  and  down,  and  ia  pro* 
pactional  to  the  elevation  and  depression  of  the  particle. 
This,  hydrostatical  pressure  operates  precisely  in  the  same 
way  as  the  condensation  and  rarefaction  of  the  air;  and 
the  mathematical  investigation  of  the  propagation  of  the 
circnlar  unduhttjonj  qq  smooth  water  is  sjmllsc  in  every 
step  to  that  of  the  propagation  of  the  spherical  waves  instill 
air.  Far  this  we  appeal  to  Newton's  Prindpia,  or  to  Enter's 
OpHsctdtv  where  he  gives  a  very  beautiful  investigation  of 
the  velocity  of  toe  aerial  pulses;  and  to  some  memoirs  of 
de  la  Orange  in  the  collections  of  the  academies  of  Berlin 
and  Turin.  These  two  last  authors  have  made  the  inves- 
tigation as  simple  as  it  seems  possible,  and  have  freed  it 
from  every  objection  which  can  be  stated  against  the  geo- 
metrical one  of  their  great  teacher  Newton. 

Having  said  this  much  on  the  similarity  between  the 
wavea  on  water  and  the  aerial  undulations  we  shall  have 
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recourse  to  them,  as  affording  us  a  very  sensible  object 
to  represent  many  affections  of  the  other  which  it  would  be 
extremely  difficult  to  explain.  We  neither  see  nor  feel  die 
aerial  undulations ;  add  they  behoved,  therefore,  to  be  de- 
scribed very  abstractedly  and  imperfectly.  In  the  watery 
wave  there  is  no  permanent  progressive  motion  of  the  water 
from  the  centre.  Throw  a  small  bit  of  cork  on  the  surface, 
and  it  will  be  observed  to  popple  up  and  down  without  the 
least  motion  outwards.  In  Hke  manner,  die  particles  of 
air  are  only  agitated  a  very  little  outwards  and  inwards ; 
which  motion  is  communicated  to  the  particles  beyond 
them,  while  they  themselves  come  to  rest,  unless  agitated 
afresh ;  and  this  agitation  of  the  particles  is  moonoerrahry 
small.  Even  the  explosion  of  a  cannon  at  no  great  distance 
will  but  gentry  agitate  a  feather,  giving  it  a  single  impufee 
outwards,  and  immediately  after  another  inwards  at  to- 
wards the  cannon.  When  a  harpsichord  wire  is  forcibly 
twanged  at  a  few  feet  distance,  the  agitation  of  the  air  b 
next  to  insensible.  It  is  not,  however,  nothing ;  and  it  dif- 
fers from  that  in  a  watery  wave  by  being  reoSy  outwards 
and  inwards.  In  consequence  of  this,  when  the  condensed 
shell  reaches  an  elastic  body,  it  impels  it  slightly.  If  its 
elasticity  be  such  as  to  make  it  acquire  the  opposite  shape 
at  the  instant  that  the  next  agitation  and  condensed  shell 
of  air  touches  it,  its  agitation  wiH  be  doubled,  and  a  third 
agitation  will  increase  it,  and  so  on,  till  it  acquire  the  agi- 
tation competent  to  that  of  the  shell  of  air  which  reaches 
it,  and  k  is  thrown  into  temible  vibration,  and  gives  a  sound 
extremely  faint  indeed,  because  the  agitation  which  H  ac- 
quires is  that  corresponding  to  a  shell  of  air  considerably 
removed  from  the  original  string.  Hence  it  happens  that 
a  musical  chord,  pipe,  or  bell,  will  cause  another  to  resound, 
whose  vibrations  are  isochronous  with  its  own ;  or  if  the 
vibrations  of  the  one  coincides  with  every  second,  or  third, 
or  fourth^  &c.  of  the  other ;  just  as  we  can  pat  a  very 
heavy  pendulum  into  sensible  motion  by  giving  it  a  gentle 
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puff  with  the  breath  at  every  vibration,  or  at  every  second, 
third,  or  fourth,  &c  A  drum  struck  in  the  neighbourhood 
of  another  drum  will  agitate  it  very  teruihly ;  for  here  the 
stroke  depresses  a  very  considerable  surface,  and  produces 
an  agitation  of  a  considerable  mass  of  air :  it  will  even  agi- 
tate the  surface  of  stagnant  water.  The  explosion  of  a 
cannon  will  even  break  a  neighbouring  window.  The  shell 
of  condensed  air  which  comes  against  the  glass  has  a  great 
surface  and  a  great  agitation :  the  best  security  in  this  case 
.  is  to  throw  up  the  sash ;  this  admits  the  condensed  air  in- 
to the  room,  which  acts  on  the  inside  of  the  window,  ba- 
lancing pert  of  the  external  impulse. 

It  is  demonstrated  in  every  elementary  treatise  of  na-  . 
tural  philosophy,  that  when  a  wave  on  water  meets  any 
plane  obstacle,  it  is  reflected  by  it  from  a  centre  equally 
removed  behind  the  obstacle ;  that  waves  radiating  from 
the  focus  of  a  parabola  are  reflected  in  waves  perpendicular 
to  its  axis;  that  waves  radiating  from  one  focus  of  an  ellipse 
are  made  to  converge  to  the  other  focus,  he.  be.  All  this 
may  be  affirmed  of  the  aerial  undulations ;  that  when  part 
of  a  wave  gets  through  a  hole  in  the  obstacle,  it  becomes 
the  centre  of  a  new  series  of  waves ;  that  waves  bend  round 
the  extremities  of  an  obstacle :  all  this  happens  in  the  aerial 
undulations.  And,  lastly,  that  when  the  surface  of  water 
as  thrown  into  regular  undulations  by  one  agitation,  ano- 
ther agitation  in  another  place  will  produce  other  regular 
waves,  which  will  cross  the  former  without  disturbing  them 
in  the  smallest  degree.  The  same  thing  happens  in  air ; 
and  experiments  may  be  made  on  water  which  will  illus- 
trate in  the  most  perfect  manner  many  other  affection*  of 
the  aerial  pulses,  which  we  should  otherwise  conceive  very 
imperfectly .  We  would  recommend  to  our  curious  readers 
to  make  some  of  these  experiments  in  a  large  vessel  of  milk. 
Take  a  long  and  narrow  plate  of  lead,  which,  when  set  on 
the  bottom  of  the  vessel,  will  reach  above  the  surface  of 
the  nulk;  bend  this  plate  into  a  parabola,  elliptical  or 
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tidier  curve.  Make  the  undatenmt  by  &appag'$&k 
on  the  focus  from  a  small  pipe,  which  will  caw*  Ibe  agita- 
tions to  succeed  wWi  Sapidity,  add  them  aH  that  :w*  km 
said  will  be  most  distinctly  seen,  and  the  eapezaaent  -will 
be  very  amusing  and  instructive,  eBpecialh/  latin Hlinl 
reader. 

We  would  now  request  all  who  mike  ar  read  explana- 
tions of  natural  phenomena  by  MM  of  vibntioMeffctbeB, 
ammal  spirits,  nervous  fluids,  lie  to  8k  their  attenuate  an 
the  nature  of  die  agitation  is  one  of  tbear  andriWihaa. 
Let  him  consider  whether  this  can  produce  the  pfcutt 
menon,  acting  as  any  matter  mast  act,  by  itapnlae  or  by 
pressure.  If  he  sees  that  it  can  produce  the  pbenoaMawn, 
he  wiD  be  able  to  point  out  the  very  inotionit  wnlpMaaoe, 
both  tn  quantity  and  direction,  in  the  same  aajtaeiar  m  Sa 
Isaac  Newton  has  pointed  out  all  the  nregulanttWof  tie 
moon's  motion  produced  by  the  disturbing  force  of  ah*  sua. 
If  he  caimot  do  thin,  He  fiufa  in  giving  the  *r*  evidence  af 
a  mechanical  explanation  by  the  action  of  asr  elastic*  vibrat- 
ing fluid.  Let  him  then  try  W  paint  out  some  palpable 
connexion  between  the  general  phenomena  af  eJattfeuadat. 
utxns  and  the  phenomenon  in  question;  thin  wotdd  she* 
an  accompaniment  to  hate  at  least  bob*  probability.  Ris 
tiius  only  we  learn  that  the  undulation  of  air  pariuawc 
sound:  we  cannot  tell  how  they  afleet the  tewbansm  af 
the  ear;  but  we  see  that  the  phenomena  -of  sound  always 
'accompany  them,  and  that  certain  modifications  of  the  one 
are  regularly  accompanied  by  certain  modifications  of  the 
other.  If  we  cannot  do  this,  we  have  derived  ndkbar 
'explanation  nor  illustration  from  -the  tilastic  fmWL  AttL 
lastly,  let  faun  remember  that  even' If  he  should  lie  abfeVo 
Vhew  the  competency  of  this  fluid  to  the  produetio*  of  the 
phenomenon,  the  Whole  is  Still  an  hypothesis,  because  we 
do  iiotlaiow  that  Such  a  fluid  exists. 

We  will  Tenture  to  say,  that  whoever  will  proceed  in  tills 
prudent  manner  will  soon  see  the  futiEty  of  most  of  the 
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» of  this Unci  which  have beengivefe.  Thevars 
uafit  far  «uy  but  oonw—WO-JBMhlpwmwWf  tff  th*y 
aba*  watty-  understand  (be  wtyJwDJBBi.  of  eej-ial  unduln- 
tiuni,Md.«Mfi:  the?  speak  uf  then  with  hfifjMAtpn  »• 
thing  but  utapertfeptly  uoCK^toooV.  .But  even,  tl^  unlearned 
i»  this  sdtooe  can  see  the  jifreajiptfibUitv  cf.tbft  hypotheses 
with  many  thing*  which they.  «re  brought  to  sffpuua.  To, 
takeaAinsttace  of  the  uoof^ee  of  «Hw^q;aapwg  the. 
■end*:;  an  «lnsbp  fluid  is:  supposed  to  occupy  thep},  and 
the  undulatious  of  this  flU+id  ue  thought  to  04  p^oyaauiad 
afatig  the.  nerve*.  Let  us  just  think  a  little  hew  f|uruodu*< 
IttidH  wouhl  be  conveyed  along  the  surface  of  a  oaufrl 
which  was  completely  filled  up  with  reeds  and  bulrush*!, 
or  let  us  make  the  experiment  on  such  a  canal  ■  we  nMkj 
real  assured  thai  the  unduktiops  in  the  one  ease  .will  re- 
scsubla  those  in  the  other;  and  we  stay  tee  .that  <in  the 
canal  there  will  be  no  regular  or  sensible  propagation  of  tfc* 

.  J*£t  these  observations  have  their  inflwuee,  alepg  with 
atben  which  wt  hat e  aMl*-ai  other,  cixasions*  to  wxanour; 
rsader*  from  this  fashionafjft  {toneaess  to  uUapdwe  in. 
Mfthle  fluids  and  unknown  vibrations  into  qup  physical' 
riiuiwiirtw.  They  hate  done  inUMnse,  and,  we  (fear,  iire- 
passhky  mischief  in  scutate.;  and  there  la  hut  one  pheno- 
meaon  that  has  era  received  any  explanation  by  theut 

.This-maysaffiw  foe  a  loose  and  popular,  acsouflt  of  aerial 
uusutlauaiet;aud  with  It  we-wacluaeOur  aecjount.of  top 
■MSJun,  impulse,  —d  stuJBtaaqe-  of  ahv         ,      . 

We  shall  no*  explain  A  aurobetaf  aea^  abearance*, 
depending  on  its  pressure  and.  ehwtidtjv  appeawBces  not 
wffWafntly  general,  or  tea  cotnpliosted  for  the  purposes  of 
argument*  while  we  were  employed  in  tile  investigation  of 
these  pKunwusuy  but  too  important  to  be  passed  efrec  in  si- 
It  M  owing  to  the  pressure  of  the  atatospaere  Jut  two 
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surfaces  which  accurately  fit  each  other  cohere  with  nek 
force.  Thk  is  a  fact  familiarly  known  to  the  glass-grinders, 
polishers  of  marble,  fcc  A  large  lens  or  speculum,  ground 
on  hs  tool  till  it  becomes  very  smooth,  requires  mote  than 
any  man's  strength  to  separate  it  directly  from  the  tool.  If 
tine  surface  is  only  a  square  inch,  it  will  require  15  pounds 
to  separate  them  perpendicularly,  though  a  very  moderate 
force  will  make  them  slide  along  each  other.  But  this  co- 
hesion is  not  observed  unless  the  surfaces  are  wetted  or 
smeared  with  oil  or  grease ;  otherwise  the  ah-  gets  between 
them,  and  they  separate  without  any  trouble.  That  this 
cohesion  is  owing  to  the  atmospheric  pressure,  is  uidsnt 
from  the  ease  with  which  the  plates  may  be  separated  in  an 
exhausted  receiver. 

To  the  same  cause  we  must  ascribe  the  very  strong  ad- 
hesion of  snails,  periwinkles,  limpets,  and  other  univalve 
shells,  to  the  rocks.  The  animal  forms  the  run  of  its  shell, 
so  as  to  fit  the  shape  of  the  rock  to  which  it  intends  to 
cling.  It  then  fills  its  shell  (if  not  already  filled  by  its  own 
body)  with  water.  In  this  condition  it  is  evident  Chat  we 
must  act  with  a  force  equal  to  15  pounds  for  every  square 
inch  of  touching  surface  before  we  can  detach  it.  This 
may  be  illustrated  by  filling  a  drinking  glass  to  the  bran 
with  water;  and  having  covered  it  with  a  piece  o£  thin  wet 
leather,  whelm  it  on  a  table,  and  then  try  to  pull  it  straight 
up ;  it  will  require  a  considerable  force.  But  if  we  expose 
a  snail  adhering  to  a  stone  in  the  exhausted  rceerror,  we 
shall  see  it  drop  off  by  its  own  weight  In  the  same  man- 
ner do  the  remore,  the  polypus,  the  lamprey,  and  many- 
other  animsle,  adhere  with  such  firmness.  Boys  frequently 
amuse  themselves  by  pulling  out  large  stones  from  the 
pavement  by  means  of  a  circle  of  stiff  wetted  leather  fasten- 
ed to  a  string.  It  is  owing  to  the  same  cause  that  the 
bivalve  shell  fishes  keep  themselves  so  firmly  shut.  We 
think  the  muscular  force  of  an  oyster  prodigious,  because 
tt  requires  such  foree  to  open  it ;  but  if  we  grind  offa  bit 
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of  the  convex  shell,  so  at  to  auks  a  bote  in  it,  thongh 
without  hnrting  the  fish  in  the  smallest  degree,  it  open* 
with  great  ease,  as  it  does  aho  m  vacuo.  ' 
.  Tbe  pressure  of  the  any  operating  in  than  way,  centribiitae 
much  to  die  cohesion  of  bodies,  when  we  do  not  suspect 
its  influence.  Tbe  tenacity  of  our  natters  and  otaeaat 
would  frequently  be  ineffectual  wttfaout  ttns  aisistaoes.    •- 

It  is  owing  to  the  pressure  of  the  atmosphere  that  a.  caefe 
will  not  run  by  the  cock  unless  a  bole  be- opened  in  sua** 
other  part  of  the  cask.  If  the  cask  is  not  quite  fiiu,  some 
liquor  indeed  will  run  out,  but  it  will  slop  as  toon  as  tbe 
osnmrished  elasticity  of  the  air  above  the  bquer  is  in  cqui- 
brio  (together  with  the  liquor)  with  the  atmospheric  pres- 
sure. In  like  manner,  a  teapot  must  have  a  small  hole 
in  its  Ed  to  ensure  its  pouring  out  the  tea.  If  indeed  the 
Hole  in  the  cask  is  of  urge  dimension*,  it  will  run  with- 
out any  other  hole,  because  air  will  get  -in  at  the  upper 
side  of  tbe  bole  while  the  liquor  runt  out  by  tbe  luwer  par* 
of  it. 

On  the  same  principle  depends  the  performance  of  an  in- 
strument used  by  the  spirit-dealers  for  taking  out  eeeatple 
of  their  spirits.  It  consists  of  a  long  tin-plate  tube  AB 
(Fig.  ?4.)  open  atop  at  A,  and  ending-  in  a  small  hole  an 
B.  The  end  B  is  dipped  into  the  spirits,  which  rises  htte> 
the  tube;  then  tbe  thumb  is  ciapt  on  the  mouth  A,  and 
the  whole  it  lifted  out  of  the  cask.  The  uprrit  renHsfiw 
m  it  till  the  thumb  he  taken  off  j  it  is  then  allowed  to  ran 
into  a  glass  for  examination, 

It  seems  principally  owing  to  titepressure*f  the  asr  that 
frosts  Wnethately  occasion  a  scantiness  of  wafer  in  oar' 
fountains  and  wells.  This  is  erroneously  aoeeunted-  for,  by 
supposing  thai  the  water  freezes  in  the  boWefa-of  tbe  earth. 
But  this  is  a  great  mistake:  the  most  intense  frost  of  a  KU 
berian  winter  would  net  freeae  the  ground  two  feet  deep ; 
but  a  very  moderate  frost  will  consolidate  the  whole  surface 
of  a  country,  and  make  it  impervious  to  the  air;  especially 
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if  tbarroataaaaaan  p***tei  by  ma,  nMch  km  aoabcd. 

taewrfaoa.  Whm.lto  h«ppaie,  Ae  T^tar  whkb  *•» 
filtering  through  the  gnamd  bVaU  Arretted  andkeptaua- 
pandfeLiaitA  capillary  tube*  by  0»6  jwataure  flf-jtba  ajr*  in 
bW  *eryaan»iaaoa«r  aa tb*  a^t*.«wkapt«Hapai»d«i  i» 
Ihe  iMtnlniint  juatapwiaVawihejby  thatfcuinb'a  ahf^faa; 
the  hole.  A.  A  thaw  wit*  ta*  rtpwfiWl  ioe,  «*1  »Uuw* 
the  waterto  «■*  w  *b»  attns  maaawraf  the  apirittninwihen 
tbethwib  w«M»aied.    '  '  * 

y  JawnttppwriU  nmiajryforiUpportiaa;  tba  Kwp  of  nag* 
aaamab.  If  a  «naU  Bauajd,  aUck  a*  »  moWe -or  lard,  be 
put  under dMancaiterof  «n  air-pump,  wdthe  air  be  a- 
tainted,  Uw  anin^  «WiahuG^bd  tba»«ft  in^cot»ukana 
and  fall  down  dead;  if  tk.  air  be  iwowdktcly  readmitted, 
lofeaaHMl  will  MMWikaes  nna),  aapaoiaUy,  cf  tbeiffRQa> 
tain  baa  been  brUUy  ttade,  and  b«s  sot  been  vary  great. 
Wedo  apt  know  that  »y  breathing  awaal can  baar  the 
air  to  be  reduced  to  i  of  its  otxtifurjr  deuaiiy.  nor  oven  $; 
nor  have  we  good  evidence  that  an  animal  will  ever  recovar 
if  the  W«fi»etio»i§  pushed  vary  .ftp)  afthcwigh  oonHnrmd 
fe,a  ?oy  ehort  tone, 

^^ttftbefliwe  praamce  of  tbe  »«  ia  by  po  »ewa  wflv 
aa^^pffaaer^^lifa«|f.tbeaniB)al;  -foe  it  it  {bund, 
tha«aaaiua^thut,upinn  .vaaje}  of  air  cannot  Ur^  in  it 
*■*»»  htflgtb  of  tun*.  ■  If  a  WW,  be  ajn»t  ■  up,  in  a  boa* 
ajMtajning^jwiaeihtigaBaadrfgjrj  Vcaftuot Ihe iqifamnoh 

ing  very  luuatisfactory  and  uneaay.  A  g*Hu»  «f  air  will 
*tf«-*t  hjni  about  «.»iwt&  A..bp*  EF.(Eig.  34)  Bf7 
b»  made,  Wq|  a  ftp*  AB  bunted iatojta  top.  *wi  fitted 
^^l^^MA^^^^^Veiaw^Wwda,   33u*pi|w 

th*  boHojBy  daJ  ia  W»  liWadpUi  »  %bt  valve  al  C  ope* 
Jaajla^aanii,  if*  fwaou  breathe  {faxwugb  th#  pipa,  heaping 
bin  BtMtiils.^mt,  U  i*  evident that  the  air  which  ha  axpinw 
will**  enter  the  box  by  the  hqU  B,  nor  nrtum  tbipagh 
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tMfip&GB  «*<;  mi  •*> Hp>attMtnMM*lM  will  MttdMh; 
enpiey  d»Tfhpfewef the t».  With  this  tHH***-*X- 
ptnhueJbi  cm  be  made,  without an*  mh<  «r.  incojBTHtieacjt 
ai&tbe  (ruantity  ef.air  n«4«irj  foragrMn  tiowtfeeay 
trieathinjr/  Hay  be  wocuretely  tuo*te«eaV .  = 

How  the  air  of  our  atmosphere /produce*,  tfci*  efliet,  ie  8 
(jaeHJan .winch  deal  a*  beknfc;  to  laUlnriwel  philaapphy 
to  inwieaigaw.  nt  deeainkM.  i  We  can,  iwmrafay  affiiw, 
that  it  is  neither  ihe  finnanse,  but  the  dei>ifijj-o£:th*i»ir 
Which  ii  iagDediatehr  ■moaned-ia  raefcrtaiaillg  the  jajifctl 
ftmcSons.  We  know  that  we:«ani  hae  aad  tireeftta,  with 
perfect  ftt*doea.cai  the  tope  of  tJuhightetmauOhuoE-  The 
w»Hey«f  Quito  in  Peru,,  and  theapufitiy  rpaid  Goadiw 
i*  Abyiaaria*  are  so  nr  .elevated  abeVe  tha  w4pt>  of  the 
Oeeaa,  that  .the  ipmMi»  sad  the  eh^ty  of  the  air  eW 
•BMbiid  leMithania  the  law  ooantrietj  y et  these, ate  po* 
palovaDd.betJlhy.pboH.  And,  on: the  other  hand,  ,w« 
know,  that  when  an  aniHil  he*  breathed  »  any  ^uajatjay 
erf  inr  for **ertamaicBe  without  rerewai,  ft  wJlnaStpily 
betadbcHtti,  nMtanetbar-aDiauiputHtolhiaawwiU.dJie 
kmaediMely;  and  aw  db  jfet  Aid  either.  tfoipBeaiittft!  pr 
etaiHoty'of  ithe  Uar ittHwrirahly . dfoBwhjbdtU  it -* i&deed 
dbjdjBthid,  butbyatetyjoawJ^uaJM.^  li**ufit*(  [h* 
fcraier-piwaiuie  oad  ;  elasticity  has  not  the:  emejJeaV  tendency 
ui.j— u-ifc.  deHhidgth — ;<— '  •  far  r*i'r'ri~TT  iri"  Una 
ao^owger-undtaiBMOtiBer  thatJ  bdl  it*  nt<»to.J«tfertftd;oo 
water* .  therein  «rie  -art  ■pbn  i  tha  ■  ptuop^lata  *oter&d.with 
hanWii  ^Ah>wvtwb»nlhc!<i»pwrBpi»JetHi,w»tert  Heipna* 
Hwcdf.the jtbnoaphdM  acts  onnUteiy  ad  the lacludedf*. 
In&pHHJMi&t  ■»  tbs:Mnto«ttteof  JthttedtyL  ■  i 

etVn  iiwilHHi  Hhe.  hwjhJ  Aumhhh  oaa  iteah«aicaJ,aad 

HaneotaryfwpertiMoKnpletelycbajtged^ar^ 
titfeintaie  ipucpHK    *.  iMuli  of  aay  aMR  of  air  aa-hae 
Ha%bHn4bd»«iindayed.iaiJiHngad  inle.wbafcia  nailed 
^HJawrby  Br  flbxfc,  or  cWbrnv  aeW  by  itec*enH»«f 
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the  Lavoiaerian  school.  Any  person  nay  be  convinced  of 
this  by  breathing  or  blowing  through  a  pipe  immersed  in 
Ume  water.  Every  expiration  -wilt  produce  white  clouds  on 
the  water,  till  all  the  lime  which  it  contain!  ia  precipitated 
in  the  farm  of  pure  chalk.  Iu  this  case  we  know  that  the 
lime  baa  combined  with  the  fixed  air. 

The  celebrated  Dr  Stephen  Hates  made  many  expert. 
mente  with  a  view  to  clear  the  air  from  the  noxious  vapour 
which  he  supposed  to  be  emitted  from  the  lungs. 

Ha  made  use  of  die  apparatus  which  we  have  been  just 
dow  mentioning;  and  he  put  several  diaphragms^  ffy  &c 
of  thin  woollen  stuff  into  the  box,  and  moistened  them  with 
'  various  liquids.  He  found  nothing  so  efficacious  as  *  solu- 
tion of  potash.  We  now  understand  this  perfectly.  If 
the  solution  is  not  already  saturated  with  fixed  air,  it  will 
take  it  op  as  fast  aa  it  ia  produced,  and  thus  will  purify 
the  air :  a  solution  of  caustic  alkali  therefore  will  have  this 
effect  till  H  is  rendered  quite  mild.' 

These  experiments  have  been  repeated,  and  varied  in 
many  circumstances,  in  order  to  ascertain  whether  this  fix- 
ed  air  was  really  emitted  by  the  lungs,  or  whether  the  in- 
spired air  was  in  part  changed  into  fixed  air  by  its  combi- 
nation with  some  other  substance.  This  ia  a  question  which 
r  in  our  way,  and  which  the  doctrines  of 
If  the  fixed  air  be  emit- 
ted in  substance  from  (he  lungs,  it  does  not  appear  how  a 
renewal  of  the  air  into  which  it  is  emitted  is  necessary:  for 
this  does  not  hinder  the  subaequent  emission ;  and  the  bulk 
of  the  air  would  b»  increased  by  breathing  in  it,  vis.  by  the 
bulk  of  all  the  fixed  air  emitted;  but,  tat  the  contrary,  it 
is  a  little  diminished.    We  must  therefore  adopt  the  other 


us  to  give  s  pretty  accurate  account  of  the  whole  process, 
Fixed  air  is  acknowledged  to  he  a  compound,  of  which  one 
uv/rcdient  is  fosasd  to  constitute  about  }  of  the  whole  at- 
mospheric mod  ;  we  mean  vital  air  or  the  oxygen  of  La- 


KibyGoogle 


'    rmvttATtcs.  749 

matt.  When  this  is  combined  with  phlogiston,  nceort- 
rag  to  the  doctrine  of  StahJ,  or  with  chareoal,  according 
to  Lavoisier,  the  result  is  fixed  air  or  carbonic  acid;  The 
change  therefore  which  breathing  makes  on  the  air  is  the 
solution  of  this  matter  by  vital  air ;  and  the  use  of  air  in 
breathingais  the  carrying  off  this  noxious  principle  in  the 
way  of  solution.  When  therefore  the  sir  is  already  so  far 
saturated  as  not  to  dissolve  this  substance  as  feet  as  k  is  se- 
creted, or  must  be  secreted  in  the  lungs,  the  animal  suffer* 
the  pain  of  suffocation,  or  is  otherwise  mortally  affected. 
Suffocation  is  not  the  only  consequence ;  for  we  can  remain 
for  a  number  of  seconds  without  breathing,  and'  then  we 
begin  to  feel  the  true  pain  of  suffocation ;  but  those  who 
have  been  instantaneously  struck  down  by  an  inspiration 
of  fixed  air,  and  afterwards  recovered  to  life,  complained  of 
no  such  pain,  and  seemed  to  nave  suffered  chiefly  by  a' ner- 
vous affection.  It  is  said  (but  we  will  not  vouch  for  the 
truth  of  it),  that  a  person  may  safely  take  a  full  inspiration 
of  fixed  air,  if  the  passages  of  the  nose  be  shut;  and  that 
unless  these  nerves  be  stimulated  by  the  fixed  air,  it  is  not 
instantaneously  mortal.  But  these  are  questions  out  of  our 
present  line  of  inquiry.  They  are  questions  of  physiology,  - 
and  are  treated  of  in  other  works.  Our  business  is  to  ex- 
plain in  what  manner  the  pressure  and  elasticity  of  the  air, 
combined  with  the  structure  and  mechanism  of  the- body, 
operate  in  producing  this  necessary  secretion  and  removal 
of  the  matter  discharged  from  the  lungs  in  -  the  act  of 
breathing. 

It  is  well  ascertained,  that  die  secretion  is  made  from  the 
mass  of  blood  during  its  passage  through  the  lungs.  The 
blood  delivered  into  the  lungs  is  of  a  dark  blackish  colour, 
and  it  is  there  changed  into  a  florid  red.  In  the  lungs  it 
is  exposed  to  the  action  of  the  air  in  a  prodigiously  ex- 
tended surface :  for  the  lungs  consist  of  an  meonceivahk 
number  of  small  vessels  or  bladders,  communicating  with 
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eauh  other  and with  the  vimlpifie,  Therw  are  filled  with 
an:  i»  «eiy  iismiraoon.  The*  vessels  a*c  everywhere  in 
contact  with  minute  W«xl-ve«86l&.  The-  blood  does  not  Wt 
tote  come  mtoimsnEdisteoanbwt  with  the  «{  and  it  would 
mm  that  it  is  onry  the  thin  serous  paxt  of  it  which  is  acted 
on  by  the  air  at  the  mouths  of  the  vessels  or  pores,  vhM 
it  stands  by  eapiUsry  attraction.  Dr  Priestley  found,  that 
venous  blood  eonloeed  in  thai  bladders  and  other  mem- 
branes was  rendered  florid  by  keeping  the  bladders  in  coo* 
taet  with  abundance  of  pure  vital  air.  We  know  also,  than 
bypath  is  moist  or  damp,  and  saurt  have)  acquired  this  mouw 
tare  in  the  hings.  It  is  immaterial  whether  this  seareooa 
of  water  or  lymph  (as  the  anatomists  call  ft)  be  famsaW 
by  ante  exudation  through  simple  pons,  or  by  a  vascular 
and  organic  secretion ;  in  either  case,  some  ingredient  of 
the  Uood  comes  m  contact  with  aarrn  the  lungs,  and  there 
unites  with  it  This,  is  farther  confirmed,  by  observing, 
that  aH  breathing  animals  are  warmer  than  the  surround- 
Ing  medium,  and  that  by  every  process  in  whieb  fixed  air 
la  formed  from  vital  air  heat  is  produced.  Hence  this  eo- 
lation in  air  of  something  from  die  blood  has  been  assigned 
by-many  aB  the  sonrceof  animal  heat  We  touch  on  these 
thmajB  m  a -very  transitory  way  in  this  place,  only  in  order 
to  prove  that,  far  the  support  of  animal  Ufa,  there  must  be 
A  very  extensive  apphcarJon  of  air  to  the  blood,  and  that 
this  is  madatin  the  hugs. 

The  question  before  us  in  this  place  is,  How  is  this 
brought  about  by  the  weight  and  elasticity  of  the  akP 
This  is  done  in  two  ways ;  by  the  action  of  the  muscles  of 
the  ribs,  and  by  (be  action  of  the  diaphragm  and  other 
ranselea  ef  the-  abdomen.  The  thorax  or  cheat  is  a  great 
cavity,  completely  filled  by  the  lungs.  The  skies  of  this 
Okvityam  famed  by  the ribs.  These  are  eroeked  or  arch- 
ed, and  each  »  moveable  round  its  two  ends,  one  of  them 
*eing  inserted  into  tha  Tertehm  «f>  the  back,  and  the  other 
into  the  sternum  or  breast-bone.  The  rib  turns  in  a  manner 
1 
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iiawn&ling  the  handle  of  adraweiv  The  htertetotian  of  Fig. 
7fl  will  illustrate  this  matter  a  httle.  Hupr*»  the  cwrrei 
die,  A*/,  c *#,  Sec  to represent  una  r&s  nnneable  round 
the  extremities.  Each  sucortdiiig  rib  is  ra  bent  than 
the  on©  aboT&  it,  and  this  enrntare  is  both  in  the  vertical 
and  horizontal  direction.  Suppose  eaeh  so  breed  as tupsv- 
Jeet  a  littfe  over  it*  mferier  lib*  the  tiles  of  a  reef.  U.» 
evident,  that  if  we  take  the  lower  one  by  jta  middle,  and 
draw  it  c*t  a  little,  moving  it  round  'the  Una  itp,  it  win 
briDg  out  the  next  da**  along  with  it  Aho,  because  the 
distance  of  the  middle  point  o  from  the  axis  of  motion  np 
k  greater  than  the  distance  of  m  from  the  axia  dh,  and 
because  o  will  therefore  describe  a  portion  of  a  larger 
rircle  than  Aldose,  the  rib  no j>  will  slide, up  alttleunder 
the  rib  dm  ft,  or  the  rib  dm h  will  overlap  mop  a.lutie 
wore  than  before ;  the  diataneeaa*  will  therefore  be<  dimi- 
nished. The  same  most  happen  to  aU  the  aaperinr  ribei 
but  the  change  of  distance  will  he  lata  and  hm  as  we  go 
upwards.  Now,  Instead  of  this  great  breadth  of  the  rib* 
cyeriapping  each  other,  anppoae  each  interior  rib  meweitwi 
With  the  one  above  it  by  threada  or  fibrea  soaceptible  of 
eantraction  at  the  wilt  of  man.  The  articulation*  9,  o,  of 
the  first  or  upper  rib  with  the  ansae  and  starwuni  are  ae 
breed  and  flruii  that  tins  rib  can  haw  little,  or  no  motion 
round  the  fine  a  t ;  this  rib  therefore  ie  M  a  fixture  for  tfee 
ends  of  all  the  contracting  fibres :  therafeee,  whenever  the 
fibres  which  cormecu  the  second  rib  with  the  AVat  rib -cotv 
tract,  the  second  must  rise  a'  httte,  and  also  go  outward* 
and  will  carry  the  lower  ribs  along  with  it ;  the  third  rib 
wHI  rise  still  farther  by  the  contraction  of  the  muabVa  which 
eaoneet  it  with  the  second,  and  so  OB :  and  tfcttH  the  whole 
ribs  are  raised  and  thrown  outward  (and  *  little  forward* 
because  the  articulation  of  each  with  the  aatnei*  oonsideB- 
abry  higher  than  that  with  the  sternum),  and  theenpecigr 
of  w\e  thorax  m  enlarged  by  the  omtractiu*.  uf  ita  miucular 
covering.    The  direction  of  the  muscular  fibres  is  very 
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oblique  to  the  direction  of  the  circular  motion  which  it  pro- 
duces ;  from  which  circumstance  it  follows,  that  a  very  mi- 
nute contraction  of  the  muscles  produces  all  the  motion 
which  i»  necessary.  This  indeed  is  not  great ;  the  whole 
motion  of  the  lowest  ribs  is  less  than  an  inch  in  the  most 
violent  inspiration,  and  the  whole  contraction  of  the  mus- 
cles of  the  12  ribs  does  not  exceed  the  eighth  part  of  an 
inch,  even  supposing  the  intercostal  muscles  at  right  angles 
to  the  ribs;  and  being  oblique,  the  contraction  is  still 
less.  It  would  seem,  that  the  intensity  of  the  contractive 
power  of  a  muscular  fibre  is  easily  obtained,  but  that  the 
space  through  which  it  can  be  exerted  is  very  limited.;  for 
inmost  cases  nature  places  the  muscles  in  situations  of 
gnat  mechanical  disadvantage  in  this  respect,  in  order  to 
procure  other  conveniences. 

But  this  is  not  the  whole  effect  of  the  contraction  of  the 
intercostal  muscles :  since  the  compound  action  of  the  two 
sets  of  muscles,  which  cross  each  other  from  rib  to  rib  like 
the  letter  X,  is  nearly  at  right  angles  to  the  rib,  but  'is 
oblique  to  its  plane,  it  tends  to  push  the  ribs  closer  to  their 
articulations,  and  thus  to  press  out  the  two  pillars  on  which 
they  are  articulated.  Thus,  supposing  of  (Fig.  77.)  to  re- 
present the  section  of  one  of  the  vertebra?  of  the  spine,  and 
cd  a  section  of  the  sternum,  and  abc,fe&,  two  opposite 
ribs,  with  a  lax  thread  b e  connecting  them.  Ifthisthread 
be  pulled  upwards  by  the  middle  g  till  it  is  tight,  it  will 
tend  to  pull  the  points  b  and  e  nearea  to  each  other,  and 
to  press  the  vertebra  af  and  the  sternum  c  d  outwards. 
The  spine  being  the  chief  pillar'  of  the  body,  may  be  con- 
sidered as  immoveable  in  the  present  instance.  -The  star- 
i  num  is  sufficiently  susceptible  of  motion  for  the  present 
'  purpose.  It  remains  almost  fixed  atop  at  its  articulation 
with  the  first  rib,  but  it  gradually  yields  below ;  and  thus 
the  capacity  of  the  thorax  is  enlarged  in  this  direction  also. 
The  whole  enlargement  of  the  diameters  of  the  thorax  dur- 
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tug  inspiration  is  very  'small,  not  exceeding  the  fiftieth 
part  of  an  inch  in  ordinary  cases.  This  is  easily  calcu- 
laied.  Its  quiescent  capacity  is  about  two  cubic  feet,  and 
we  never  draw  in  more  than  IS  inches.  Two  spheres,  one 
of  which  holds  2  cubic  feet  and  the  other  2  feet  and  IS 
inches,  will  not  differ  in  diameter  above  the  fiftieth  part  of 
an  inch. 

The  other  method  of  enlarging  the  capacity  of  the 
thorax  is  very  different.  It  is  separated  from  the  abdomen 
by  a  strong  muscular  partition  called  the  diaphragm, 
which  is  attached  to  firm  parts  all  around.  In  its  quiescent 
or  relaxed  state  it  is  considerably  convex  upwards,  that  is, 
towards  the  thorax,  rising  up  into  its  cavity  like  the  bot- 
tom of  an  ordinary  quart  bottle,  only  not  so  regular  in  its 
shape.  Many  of  its  fibres  tend  from  its  middle  to  the  cir- 
cumference, where  they  are  inserted  into  firm  parts  of  the 
body..  Now.  suppose  these  fibres  to  contract.  This  must 
draw  down  its  middle,  or  make  it  flatter  than  before,  and 
thus  enlarge  the  capacity  of  the  thorax. 

Physiologists  are  not  well  agreed  as  to  the  share  which 
.  each  of  these  actions  has  in  the  operation  of  enlarging  the 
thorax.  Many  refuse  all  share  of  it  to  the  intercostal 
muscles,  and  say  that  it  is  performed  by  the  diaphragm 
(dene.  But  the  fact  is,  that  the  ribs  are  really  observed  to 
rise  even  while  the  person  is  asleep ;  and  this  cannot  pos- 
sibly be  produced  by  the  diaphragm,  aa  these  anatomists 
assert.  Such  an  opinion  shows  either  ignorance  or  neglect 
of  the  laws  of  pneumatics.  If  the  capacity  of  the  thorax 
were  enlarged  only  by  drawing  down  the  diaphragm,  the 
pressure  of  the  air  would  compress  the  ribs,  and  make  them 
descend.  And  the  simple  laws  of  mechanics  make  it  aa 
evident  as  any  proposition  in  geometry,  that  the  contrac- 
tion of  the  intercostal  muscles  must  produce  an  elevation 
of  the  ribs  and  enlargement  of  the  thorax ;  and  it  is  one  of 
the  most  beautiful  contrivances  of  nature.  It  depends 
much  on  the  will  of  the  animal  what  share  each  of  these 
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actions  shall  have.  In  general,  the  greatest  part  is  done 
by  the  diaphragm ;  and  any  person  can  breathe  in  such  a 
manner  that  bis  ribs  shall  remain  motionless ;  and,  on  tbe 
contrary,  he  can  breathe  almost  entirely  by  raising  his 
chest.  In  the  first  method  of  breathing,  the  belly  rises 
during  inspiration,  because  the  contraction  of  the  dia- 
phragm compresses  the  upper  part  of  the  bowels,  and  there- 
fore squeezes  them  outwards;  so  that  an  ignorant  person 
would  be  apt  to  think  that  the  breathing  was  performed  by 
the  belly,  and  that  the  belly  is  inflated  with  the  air.  The 
strait  lacing  of  tbe  women  impedes  the  motion  of  the  ribs, 
and  changes  the  natural  habit  of  breathing,  or  brings  on 
an  unnatural  habit  When  tbe  mind  is  depressed,  it  is  ob- 
served that  the  breathing  is  more  performed  by  tbe  muscles 
of  the  thorax;  and  a  deep  sigh  is  always  made  in  thb 
way. 

■  These  observations  on  the  manner  in  which  the  capacity 
of  the  chest  can  be  enlarged  were  necessary,  before  we  can 
acquire  a  just  notion  of  the  way  in  which  the  mechanical 
properties  of  air  operate  in  applying  it  to  the  mass  of  blood 
during  its  passage  through  the  lungs.  Suppose  the  tho- 
rax quite  empty,  and  communicating  with  the  external  air 
by  means  of  the  trachea  or  windpipe,  it  would  then  re- 
semble a  pair  of  bellows.  Raising  the  boards  correspond* 
to  the  raising  of  the  ribs ;  and  we  might  imitate  the  action 
of  the  diaphragm  by  forcibly  pulling  outwards  tbe  folded 
leather  which  unites  them.  Thus  their  capacity  is  enlarg- 
ed, and  the  air  rushes  in  at  the  nozzle  by  its  weight  in  the 
same  manner  as  water  would  do.  Tbe  thorax  differs  from 
bellows  only  in  this  respect,  that  it  is  filled  by  the  lungs, 
which  is  a  vast  collection  of  little  bladders,  like  the  holes 
in  a  piece  of  fermented  bread,  all  communicating  with  the 
trachea,  and  many  of  them  with  each  other.  When  the 
chest  is  enlarged,  the  air  rushes  into  them  all  in  the  same 
manner  as  into  the  single  cavity  of  an  empty  thorax.  It 
cannot  be  said  with  propriety  that  they  are  inflated :  all 
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that  is  done  is  the  allowing  the  air  to  come  in.  At  the 
same  tune,  as  their  membranous  covering  must  hare  some 
thickness,  however  small,  and  some  elasticity,  it  is  not  un- 
likely that,  when  compressed  by  expiration,  they  tend  a 
little  to  recover  their  former  shape,  and  thus  aid  the  volun- 
tary action  of  the  muscles.  It  is  in  this  manner  that  a 
small  bladder  of  caoutchouc  swells  again  after  compres- 
sion, and  fills  itself  with  sir  or  water.  But  this  cannot  hap- 
pen except  in  the  most  minute  vesicles :  those  of  sensible 
(Milk  have  not  elasticity  enough .  for  this  purpose.  The 
lungs  of  birds,  however,  have  some  very  large  bladders, 
which  have  a  very  considerable  elasticity,  and  recover  their 
shape  and  size  with  great  force  after  compression,  and  thus 
fill  themselves  with  air.  Tbe  respiration  of  these  animals 
is  considerably  different  from  that  of  land  animals,  and  . 
their  muscles  act  chiefly  in  expiration-  This  will  be  ex- 
plained by  and  by  as  a  curious  variety  in  the  pneumatic 


.  This  account  of  the  manner  in  which  the  lungs  are  fill- 
ed with  air  does  not  seem  agreeable  to  the  notions  we  en- 
tertain of  it  We  seem  to  suck  in  the  air;  but  although 
it  be  true  that  we  act,  and  exert  force,  in  order  to  get  air. 
into  our  lungs,  it  is  not  by  our  action,  but  by  external 
pressure,  that  it  does  come  in.  If  we  apply  our  mouth  to 
the  top  of  a  bottle  filled  with  water,  we  find  that  no  draught, 
as  we  call  it,  of  our  chest  will  suck  in  any  of  the  water  ; 
but  if  we  suck  in  the  very  same  manner  at  tbe  end  of  a 
pipe  immersed  in  water,  it  follows  immediately.  Our  inter- 
est in  the  thing  makes  us  connect  in  imagination  our  own 
action  with  the  effect,  without  thinking  on  the  many  steps 
which  may  intervene  in  the  train  of  natural  operations ; 
and  we  consider  tbe  action  as  the  immediate  cause  of  the 
air's  reception  into  the  lungs.  It  is  as  if  we  opened  the  door, 
and  took  in  by  the  hand  a  person  who  was  really  pushed 
in  .by  tbe  crowd  without.  If  an  incision  be  made  into  the 
side  of  the  thorax,  so  that  the  air  can  get  in  by  that  way, 
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when  the  animal  acts  in  the  usual  maimer,  the  air  will  real- 
ly come  in  by  this  hole,  and  fill  the  space  between  the  lungs 
and  thorax ;  but  no  air  is  sucked  into  the  lung*  by  this 
process,  and  the  animal  is  as  completely  suffocated  as  if  the 
windpipe  were  shut  up.  And,  on  the  other  hand,  if  a  hofe 
be  made  into  the  lungs  without  communicating  with  the 
thorax,  the  animal  will  breathe  through  this  hole,  though 
the  windpipe  be  stopped.  This  is  successfully  performed 
in  cases  of  patients  whose  trachea  is  abut  up  by  accident  or 
by  inflammation ;  only  it  is  necessary  that  this  perforation 
be  made  into  a  part  of  the  lungs  where  it  may  meet  with 
some  of  the  great  pulmonary  passages ;  for  if  made  into 
some  remote  part  of  a  lobe,  the  air  cannot  find  its  way 
into  the  rest  of  the  lungs  through  such  narrow  passages,  ob- 
■  structed  too  by  blood,  &c 

We  have  now  explained,  on  pneumatical  principles,  toe 
process  of  inspiration.  The  expiration  is  chiefly  performed 
by  the  natural  tone  of  the  parts.  In  the  act  of  inspiration 
theribt  w.ere  raised  and  drawn  outwards  in  opposition  to 
the  elasticity  of  the  solids  themselves ;  for  although  the 
ribs  are  articulated  at  their  extremities,  the  articulations 
are  by  no  means  such  as  to  give  a  free  and  easy  motion 
Eke  the  joints  of  the  limbs.  This  is  particularly  the  ease 
in  the  articulations  with  the  sternum,  which  are  by  no 
means  fitted  for  motion.  It  would  seem  that  tbe  motion 
really  produced  here  is  chiefly  by  the  yielding  of  the  car- 
tilaginous parts  and  the  bending  of  the  rib ;  when  there- 
fore die  muscles  which  produced  this  effect  are  allowed  to 
relax,  the  ribs  again  collapse.  Perhaps  this  is  assisted  a 
little  by  the  action  of  the  long  muscles  which  come  down 
across  the  ribs  without  being  inserted  into  them.  These 
may  draw  them  together  a  little,  as  we  compress  a  loose. 
bundle  by  a  string. 

In  lute  manner,  when  the  diaphragm  was  drawn  down, 
it  compressed  the  abdomen  in  opposition  to  the  elasticity  of 
all  the  viscera  contained  in  it,  and  to  the  elasticity  and 
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tone  of  the  tawWrti  and  muscles  which  surround  it. 
Wh^n  therefore  the  diaphragm  is  relaxed,  these  parts  push 
it  up  again  into  its  Wrtmil  situation,  and  in  doing  this  ex- 
pel the  air  from  the  lungs. 

If  this  beajust  account  of  the  matter,  expiration  should 
be  performed  without,  any  effort.  This  accordingly  is  the 
cae.  We  fed  that,  after  having  made  an  ordinary  easy 
inspiration,  it  requires  the  continuance  of  the  effort  to  keep 
the  thorax  in  this  enlarged  state,  and  that  all  that  is  neces- 
saryfor  expiration  is  to  cease  to  act.  No  person  feels  any 
difficulty  in  emptying  the  lungs;  but  weak  people  often 
feel  a  difficulty  of  inspiration,  and  compare  it  to  the  feeling 
of  a  weight  on  their  breast ;  and  expiration  is  the  last  mo* 
tion  of  the  thorax  in  a  dying  person. 

But  nature  has  also  given  us  a  mechanism  by  which  we 
can  expire,  namely,  the  abdominal  muscles ;  and  when  we 
have  finished  an  ordinary  and  easy  expiration,  we  can  still 
expel  a  considerable  bulk  of  air  (nearly  half  of  the  contents 
of  the  lungs)  by  contracting  the  abdominal  muscles.  These, 
by  compressing  the  body,  force  up  its  moveable  contents 
against  the  diaphragm,  and  cause  it  to  rise  further  into  the 
thorax,  acting  in  the  same  manner  as  when  we  expel  the 
ntcesjwr  anum.  When  a  person  breathes  out  as  much 
air  as  he  can  in  this  manner,  he  may  observe  that  his  ribs 
do  not  collapse  during  the  whole  operation. 

There  seems  then  to  be  a  certain  natural  unconstrained 
state  of  the  vesicles  of  the  lungs,  and  a  certain  quantity  of 
air  necessary  for  keeping  them  of  tins  size.  It  is  probable 
that  this  state  of  the  lungs  gives  the  freest  motion  to  the 
blood.  Were  they  more  compressed,  the  blood-vessels 
would  be  compressed  by  the  adjoining  vesicles ;  were  they 
more  lax,  the  vessels  would  be  more  crooked,  and  by  this 
mean 3  obstructed.  The  frequent  inspirations  gradually 
change  this  air  by  mixing  fresh  air  with  it,  and  at  every 
expiration  carrying  off  some  of  it  In  catarrhs  and  in- 
flammations, especially  when  attended  with  suppuration, 
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the  email  passages  into  the  remote  vends  are  obstructed, 
and  thus  the  renewal  of  air  in  them  will  be  prevented.  The 
painful  feeling  which  this  occasions  causes  us  to  expel  the 
air  with  violence,  shutting  the  windpipe,  till  we  have  ex- 
erted strongly  with  the  abdominal  muscles,  and  made  a 
strong  compression  on  the  lower  part  of  the  thorax.  We 
then  open  the  passage  suddenly,  and  expel  the  air  and  ob- 
structing matter  by  violent  coughing. 

We  have  said,  that  birds  exhibit  a  curious  variety  in  the 
process  of  breathing.  The  muscles  of  their  wings  being 
so  very  great,  required  a  very  extensive  insertion,  and  this 
is  one  use  of  the  great  breast-bone.  Another  use  of  it  is, 
to  form  a  firm  partition  to  hinder  the  action  of  these  muscles 
from  compressing  the  thorax  in  the  act  of  flying :  therefore 
the  form  of  their  chest  does  not -admit  of  alternate  enlarge- 
ment and  contraction  to  that  degree  as  in  land  aaimaja. 
Moreover,  the  muscles  of  their  abdomen  are  also  very 
small ;  and  it  would  seem  that  they  are  not  sufficient  for 
producing  the  compression  on  the  bowels  which  is  neces- 
sary for  carrying  on  the  process  of  concoction  and  digestion. 
Instead  of  aiding  the  lungs,  they  receive  help  from  them. 

In  an  ostrich,  the  lungs  consist  of  a  fleshy  part  A,  A 
(Fig.  78.),  composed  of  vesicles  like  those  of  land  animals, 
and,  like  theirs,  serving  to  expose  the  blood  to  the  action 
of  the  air.  Besides  these,  they  have  on  each  side  four 
large  bags  B,  C,  D,  £,  each  of  which  has  an  orifice  G 
communicating  with  the  trachea;  but  the  second,  C,  has 
also  an  orifice  H,  by  which  it  communicates  with  another 
bag  F  situated  below  the  rest  in  the  abdomen.  Now,  when 
.  the  lungs  are  compressed  by  the  action  of  the  diaphragm, 
the  air  in  C  is  partly  expelled  by  the  trachea  through  the 
orifice  Gr  and  partly  driven  through  the  orifice  H  into  the 
bag  F,  which  is  then  allowed  to  receive  it ;  because  the 
same  action  which  compresses  the  lungs  enlarges  the  abdo- 
men. When  the  thorax  is  enlarged,  the  bag  C  is  partly 
supplied  with  fresh  air  through  the  trachea,  and  partly 
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irom  the  bag  F.  As  the  lungs  of  other  animals  rentable 
a  common  bellows,  the  lungs  of  birds  resemble  the  smith's 
bellows  with  a  partition ;  and  anatoausts  have  discovered 
passages  from  this  part  of  the  lungs  into  their  hollow  bones 
and  quills.  We  do  not  know  all  the  uses  of  this  contriv- 
ance; and  only  can  observe,  that  this  alternate  action  must 
assist  the  muscles  of  the  abdomen  in  promoting  the  motion 
of  the  food  along  the  alimentary  canal,  &c  We  can  dis- 
tinctly observe  in  birds  that  their  belly  dilates  when  the 
chest  collapses,  and  vice  vena,  contrary  to  what  we  see  in 
the  land  animals.  Another  use  of  this  double  passage 
may  be  to  produce  a  circulation  of  air  in  the  lungs,  by 
which  a  compensation .  ia  made  for  die  smaller  surface  of 
action  on  the  blood :  for  the  number  of  small  vesicles,  of 
equal  capacity  with  these  large  bags,  gives  a  much  more 
extensive  surface. 

If  we  try  to  raise  mercury  in  a  pipe  by  the  action  of  the 
chest  alone,  we  cannot  raise  it  above  two  or  three  inches ; 
and  the  attempt  is  both  painful  and  hazardous.  It  is  pain* 
ful  chiefly  in  the  breast,  and  it  provokes  coughing.  Pro- 
bably the  fluids  ooze  through  the  pores  of  the  vesicles  by 
the  pressure  of  the  surrounding  parts. 

On  the  other  hand,  we  can  by  expiration  support  mer- 
cury about  five  or  sue  inches  high :  but  this  also  u  very 
painful,  and  apt  to  produce  extravasation  of  blood.  This 
seems  to  be  done  entirely  by  the  abdominal  muscles. 

The  operation  properly  termed  sucking  is  totally  differ- 
ent from  breathing,  and  resembles  exceedingly  the  action 
-of  a  common  pump.  Suppose  a  pipe  held  in  the  mouth, 
and  its  lower  end  immersed  in  water.  We  611  the  mouth 
with  the  tongue,  bringing  it  forward,  and  applying  it  close- 
ly to  the  teeth  and  to  the  palate ;  we  then  draw  it  back,  or 
bend  it  downwards  (behind)  from  the  palate,  thus  leaving 
a  void.  The  pressure  of  the  air  on  the  cheeks  immediate- 
ly depresses  them,  and  applies  them  close  to  the  gums  and 
teeth ;  and  its  pressure  on  the  water  in  the  vessel  causes  it 
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to  rife  through  the  pipe  into  the  empty  part  of  the  mouth, 
which  it  quickly  fills.  WethcspbshfbEmcdthetipof  the 
tongue,'  below  the  water,  to  die  teeth,'  and  apply  H  to  then 
all  round,  the  water  being  above  the  topgoe,  which  is  kept 
much  depressed.  We  then  apply  the  tongue  to  the  palate, 
beginning  at  die  tip,  and  gradually  going,  backward,  in  tins 
application.  By  this  means  the  water  is  gradually  forced 
backward  by  an  operation  similar  to  that  of  the  gullet  in 
swallowing.  This  is  done  by  contracting  the  gullet  above, 
and  relaxing it  below,  Justus  we  would  empty  a  gut  of  its 
contents  by  drawing  oar  closed'  hand  along  it  By  this 
operation  the  mouth  is  again  completely  occupied  by  the 
tongue,  and  we  are  ready  for  repeating  the  operation. 
Thus  the  mouth  and  tangne  resemble  the  barrel  and  piston 
of  apump ;  and  the  application  of  the  tip  of  the  tongue  to 
the  teeth  performs  the  office  of  the  valve  at  the  bottom  of 
the  barrel,  preventing  the  return  of  the  water  into  the  pipe. 
Although  usual,  it  is  not  absolutely  necessary  to  with- 
draw the  tip  of  the  tongue,  making  a  void  before  the 
tongue.  Sucking  may  be  performed  by  merely  separating 
the  tongue  gradually  from  the  palate,  beginning  at  the  root 
If  we  withdraw  the  tip  of  the  tongue  a  very  minute  quan- 
tity, the  water  gets  in  and  flows  back  above  the  tongue. 

The  action  of  the  tongue  in  this  operation  is  very  power- 
ful ;  some  persons  can  raise  mercury  25  inches :  but  this 
strong  exertion  is  very  fatiguing,  and  the  soft  parts  are 
prodigiously  swelled  by  it  It  causes  the  blood  to  ooze 
plentifully  through  the  pores  of  the  tongue,  fauces,  and 
palate,  in  the  same  manner  as  if  a  cupping-glass  and  sy- 
ringe were  applied  to  them ;  and,  when  the  inside  of  the 
mouth  is  excoriated  01  tender,  as  is  frequent  with  infants, 
even  a  very  moderate  exertion  of  this  kind  is  accompanied 
with  extravasation  of  blood.  When  children  suck  the 
nurse's  breast,  the  milk  follows  their  exertion  by  the  pres- 
sure of  the  air  on  the  breast ;  and  a  weak  child,  or  one 
that  withholds  its  exertions  on  account  of  pain  from  the 


KibyGoogle 


above-mentioned  cause,  may  be  assisted  by  a  gentle  pre* 
sure  at  the  hand  on  the  breast :  ■  the  infant  pupil  of  nature, 
without  any  knowledge  of  pneumatics,  frequently  helps  it- 
self by  preying  its  face  to  the  yielding  breast.    '. 

In  the  whole  of  this  operation  the  breathing  is  perform- 
ed through  the  nostrils ;  and  it  m  a  prodigiou*  distress  to 
an  infant  whan  this  passage  is  obstructed  by  mucus.  -  We 
beg  to  be  forgiven  for  observing  by  the  way,  that  this  ob- 
struction may  be  almost  certainly  removed  for  a  little  while, 
by  rubbing  the  child's  nose  with  any  liquid  of  quick  eva- 
poration, or  even  with  water. 
*  The  operation  in  drinking  is  not  very  different  from  that 
in  sucking :  we  have  indeed  little  occasion  here  to  suck, 
but  we  must  do  it  a  little.  Dogs  and  some  other  ynim«t« 
cannot  drink,  but  only  lap  the  water  into  their  mouths  with 
their  tongue,  and  then  swallow  it.  The  gallinaceous  birds 
seem  to  drink  very  imperfectly ;  they  seem  merely  to  dip 
their  head  into  the  water  up  to  the  eyes  till  their  mouth  is 
rilled  with  water,  and  then  holding  up  the  head,  it  gets  in- 
to the  gullet  by  its  weight,  and  is  then  swallowed.  The 
elephant  drinks  in  a  very  complicated  manner;  he  dips  his 
trunk  into  the  water,  and  fills  it  by  making  a  void  in  his 
mouth :  this  he  does  in  the  contrary  way  to  man.  After 
having  depressed  his  tongue,  he  begins  the  application  of 
U  to  the  palate  at  the  root,  and  by  extending  the  applica- 
tion forward,  he,  expels  the  air  by  the  mouth  which  came 
into  it  from  the  trunk.  The  process  here  is  not  vary  un- 
like that  of  the  condensing  syringe  without  a  piston  valve, 
formerly  described,  in  which  the  external  air  (correspond- 
ing here  to  the  air  in  the  trunk)  enters  by  the  hole  Fin  the 
side,  and  is  expelled  through  the  hole  in  the  end  of  the  bar- 
rel ;  by  this  operation  the  trunk  is  filled  with  water :  then  he 
lifts  his  trunk  out  of  the  water,  and  bringing  it  to  his  mouth, 
pours  the  contents  into  it,  and  swallows  it.  On  considering 
this  operation,  it  appears  that,  by  the  same  process  by 
winch  the  air  of  the  trunk  is  taken  into  the  mouth,  the  wa- 
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ter  could  also  be  taken  in,  to  be  afterwards  swallowed  :  but 
we  do  not  find,  upon  inquiry,  that  this  is  done  by  the  ele- 
phant ;  we  have  always  observed  him  to  drink  in  the  man- 
ner now  described.  In  either  way  it  is  a  double  operation, 
and  cannot  be  carried  on  any  way  but  by  alternately  suck- 
ing and  swallowing,  and  white  one  operation  is  going  on 
the  other  is  interrupted ;  whereas  man  can  do  both  at  the 
same  time. 

There  is  an  operation  similar  to  that  of  the  elephant, 
which  many  find  a  great  difficulty  in  acquiring,  vis.  keep- 
ing up  a  continued  blast  with  a  blow-pipe.  We  would  de- 
sire our  chemical  reader  to  attend  minutely  to  the  gradual 
action  of  his  tongue  in  sucking,  and  he  will  find  it  such  as 
we  have  described.  Let  him  attend  particularly  to  the 
way  in  which  the  tip  of  the  tongue  performs  the  office  of  a 
valve,  preventing  the  return  of  the  water  into  the  pipe ; 
the  same  position  of  the  tongue  would  hinder  air  from 
coming  into  the  mouth.  Next  let  him  observe,  that  in 
swallowing  what  water  he  has  now  got  lodged  above  bis 
tongue,  he  continues  the  tip  of  the  tongue  applied  to 
the  teeth ;  now  let  him  shut  his  mouth,  keeping  bis  hps 
firm  together,  the  tip  of  the  tongue  at  the  teeth,  and  the 
whole  tongue  forcibly  kept  at  a  distance  from  the  palate ; 
bring  up  the  tongue  to  the  palate,  and  allow  the  tip  to  se- 
parate a  little  from  the  teeth ;  this  will  expel  the  air  into 
the  space  between  the  fauces  and  cheeks,  and  will  blow 
up  the  cheeks  a  little :  then,  acting  with  the  tip  of  the 
tongue  as  a  valve,  hinder  this  air  from  getting  hack,  and 
depressing  the  tongue  again,  more  air  (from  the  nostrils) 
will  get  into  the  mouth,  which  may  be  expelled  into  the 
space  without  the  teeth  as  before,  and  the  cheeks  will  be 
more  inflated:  continue  this  operation,  and  the  lips  will  no 
longer  be  able  to  retain  it,  and  it  will  ooze  through  as  long 
as  the  operation  is  continued.  When  this  has  become  fa- 
miliar and  easy,  take  the  blow-pipe,  and  there  will  be  no 
difficulty  in  maintaining  a  blast  as  uniform  as  a  smith's  bet- 
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km,  breathing  all  the  while  through  the  nostrils.  The 
only  difficulty  is  the  holding  the  pipe :  this  fatigue*  the 
lipa ;  but  it  may  be  removed  by  giving  the  pipe  a  conve- 
nient shape,  a  pretty  flat  oval,  and  wrapping  it  round  with 
leather  or  thread. 

Another  phenomenon  depending  on  the  principles  al- 
ready established,  is  the  land  and  sea-breeze  in  the  warm 


We  have  seen  that  air  expands  exceedingly  by  heat ; 
therefore  heated  air,  being  lighter  than  an  equal  bulk  of 
cold  air,  must  rise  in  it  If  we  lay  a  hot  stone  in  the  sun- 
shine in  a  room,  we  shall  observe  the  shadow  of  the  stone 
surrounded  with  a  fluttering  shadow  of  different  degrees  of 
brightness,  and  that  this  flutter  rises  rapidly  in  a  column 
above  the  stone.  If  we  hold  an  extinguished  candle  near 
the  stone,  we  shall  see  the  smoke  move  towards  the  stone, 
and  then  ascend  up  from  it.  Now,  suppose  an  island  re- 
ceiving the  first  rays  of  the  sun  in  a  perfectly  calm  morn- 
ing; the  ground  will  soon  be  warmed,  and  will  warm  the 
contiguous  air.  If  the  island  be  mountainous,  this  effect 
will  be  more  remarkable ;  because  the  inclined  sides  of  the 
bills  will  receive  the  light  more  directly :  the  midland  air 
will  therefore  be  most  warmed :  the  heated  air  will  rise, 
and  that  in  the  middle  will  rise  fastest :  and  thus  a  current 
of  air  upwards  will  begin,  which  must  be  supplied  by  air 
coming  in  from  all  sides,  to  be  heated  and  to  rise  in  its 
.turn;  and  thus  the  morning  xeorbreexe  is  produced,  and 
continues  all  day.  This  current  will  frequently  be  reversed 
during  the  night,  by  the  air  cooling  and  gliding  down  the 
sides  of  the  hills,  and  we  shall  have  the  land-breeze. 

It  is  owing  to  the  same  cause  that  we  have  a  circulation 
of  air  in  mines  which  have  the  mouths  of  their  shafts  of 
unequal  heights.  The  temperature  underground  is  pretty 
constant  through  the  whole  year,  while  that  of  the  atmo- 
sphere is  extremely  variable.  Now,  suppose  a  mine  having 
a  long  horizontal  drift,  communicating  between  two  pits 
7 
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or  shafts,  and  that fW  of tijes*  shafts  teTjwmUesip  *  valley, 
while  the  other  opens  on  the  brow  of  a  hill  perhaps  1Q0 
feet  higher.  Let  us  further  suppose  it  summer,  and,  the 
aft  betted  to  IBS0,  white the  temperature  of  the  earth  is  bgt 
45° ;  this  last  will  be  also  the  temperature  of  the  air  in  thet 
shafts  and  the  drift.  Now,  since  sir  expands  nearly  24 
parts  in  10,000  by  one  degree  of  heat,  we  shall  have  an 
odds  of  pressure  at  the  bottom  of  the  two  shafts  equal  to 
nearly  the  20th  part  °f  the  weight  of  a  column  of  air  100 
feet  high;  (100  feet  being  supposed  the  difference  of  the 
heights  of  the  shafts).  This  will  be  about  six  ounces  oft 
every  square  foot  of  the  section  of  the  shaft.  If  this  pres- 
sure could  be .  continued,  it  would  produce  a  prodigious 
current  of  air  down  the  long  shaft,  along  the  drift,  and  up 
the  abort  shaft.  The  weight  of  the  air  acting  through,  10Q 
feet  would  conununicate  to  it  the  velocity  of  60  feet  per 
second:  divide  this  by  V£0,  that  is,  by  4,5,  and  we  shall 
have  18  feet  per  second  for  the  velocity :  this  is  the  velo- 
city of  what  is  called  a  brisk  gale.  This  pressure  axmid  be 
continued,  if  the  wans  air  which  enters  the  long  shaft  were 
coaled  and  condensed  as  fast  as  it  conies  in ;  but  this  is 
not  the  case.  It  is  however  cooled  and  condensed,  and  a 
current  is  produced  sufficient  to  make  an  abundant  circu- 
lation of  ah-  along  the  whole  passage ;  and  care  is  taken  to 
dispose  the  shafts  and  conduct  the  passages  in  such  a  man- 
ner that  no  part  of  the  urine  is  out  of  the  circle.  When 
any  new  lateral  drift  is  made,  die  renewal  of  air  at  its  as*. 
tremity  becomes  more  imperfect  as  it  advances ;  and  when 
it  is  carried  a  certain  length,  the  air  stagnates  and  becomes 
suffocating,  till  either  a  communication  pp"  be  saaflle  with 
the  rest  of  the  mine,  or  a  shaft  be  made  at  the  end  of  this 
drift. 

As  this  current  depends  entirely  on  the  difference  of 
temperature  between  the  air  below  and  that  above,  it  must 
cease  when  this  difference  ceases.  Accordingly,  in  the 
anting  and  autumn,  the  miners  complain  much  of  stagna- 
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Hon ;  but  in  summer  they  never  mat  is  current  from  the 
deep  pits  to  the  shallow,  nor  in  the  winter  a  current  from 
the  shallow  pita  to  the  deep  ones.  It  frequently  happens 
also,  that  in  mineral  countries- the*  chemical  changes  which 
me  going  on  in  different  parte  of  the  earth  make  differ- 
ences of  temperature  sufficient  to  produce  a  sensible  current 
It  is  easy  to  see  that  the  same  causes  must  produce  ■ 
current  dowft  our  chimneys  in  summer.  The  chimney  is 
colder  than  the  summer  air,  and  must  therefore  condense 
it,  and  it  will  come   down  and  run  out  at  the  doors  and 


i-  And  this  naturally  leads  us  to  consider  a  Very  important 
effect  of  the  expansion  and  consequent  ascent  of  ah*  by  beat, 
namely,  the  drawing  (as  it  is  called)  of  chimneys.  The 
air  which  has  contributed  to  the  burning  of  fuel  must  be 
intensely  heated,  and  wnl  rise  in  the  atmosphere.  .  This 
will  also  be  the  case  with  much  of  the  surrounding  air  which 
has  come  very  near  tbe  fire,  although  not  in  contact  witfi 
it.  If  this  heated  air  be  made  to  rise  in  a  pipe,  it  will  be 
kept  together,  and  therefore  will  not  soon  cool  and  collapse : 
thus  we  shall  obtain  a  long  column1  of  light  air,  which  will 
rise  with  a  force  so  much  the  greater  us  the  column  is  longer 
or  more  heated.  Therefore  the  taller  we  make  the  chim- 
ney, or  the  hotter  we  make  the  fire,  the  more  rapid  will  be 
the  current,  or  the  draught  or  suetion,  as  it  is  injudicious- 
ry  called,  will  be  so  much  the  greater.  The  ascensional 
force  is  the  difference  between  the  weight  of  the  column  of 
heated  air  in  the  funnel  and  a  column  of  the  surrounding 
atmosphere  of  equal  height.  We  increase  the  draught, 
therefore,  by  increasing  the  perpendicular  height  of  tbe 
chimney.  Its  length  in  a  horizontal  direction  gives  no 'in- 
crease, but,  on  the  contrary,  diminishes  tbe  draught,  by 
cooling  the  air  before  it  gets  into  the  effective  part  of  the 
funnel.  WeT  increase  the  draught  also  by  obliging  all  the 
air  which  enters  the  chimney  to  come  very  hear  the  fuel ; 
therefore  a  low  mantle-piece  will  produce  this  effect ;  also 


KibyGoogle 


766  rxnntATiCfl. 

filling  up  all  the  spaces  on  each  side  erf  the  grate.  When 
much  air  get>  in  above  the  fire,  by  having  a  lofty  mantle- 
piece,  the  general  mast  of  air  in  the  chimney  cannot  be 
much  heated.  Hence  it  must  happen,  that  the  greatest 
draught  will  be  produced  by  bringing  down  the  mantle* 
piece  to  the  very  fuel ;  but  this  converts  a  fire-place  into 
a  furnace,  and  by  thus  sending  the  whole  air  through  the 
fuel,  causes  it  to  .burn  with  great  rapidity,  producing  a 
prodigious  heat ;  and  this  producing  an  increase  of  ascen- 
sional force,  the  current  becomes  furiously  rapid,  and  the 
heat  and  consumption  of  fuel  immense.  If  the  fire-place 
be  a  cube  of  a  foot  and  a  half,  and  the  front  closed  by  a 
door,  so  that  all  the  air  must  enter  through  the  bottom  of 
■  the  grate,  a  chimney  of  15  or  20  feet  high,  and  sufficiently 
wide  to  give  passage  to  all  the  expanded  air  which  can  pass 
through  the  fire,  will  produce  a  current  which  will  roar  like 
thunder,  and  a  heat  sufficient  to  run  the  whole  inside  into 
a  lump  of  glass. 

All  that  is  necessary,  however,  in  a  chamber  fire-place, 
is  a  current  sufficiently  great  for  carrying  up  the  smoke 
and  vitiated  air  of  the  fuel.  And  aa  we  want  also  the  en- 
livening flutter  and  light  of  the  fire,  we  give  the  chimney- 
piece  both  a  much  greater  height  and  width  than  what  is 
merely  necessary  for  carrying  up  the  smoke,  only  wishing 
to  have  the  current  sufficiently  determinate  and  steady  for 
counteracting  any  occasional  tendency  which  it  may  some- 
times have  to  come  into  the  room.  By  allowing  a  greater 
quantity  of  air  to  get  into  the  chimney,  heated  only  to  a 
moderate  degree,  we  produce  a  more  rapid  renewal  of  the 
air  of  the  room :  did  we  oblige  it  to  come  so  much  nearer 
the  fire  as  to  produce  the  same  renewal  of  the  air  in  conse- 
quence of  a  more  rapid  current,  we  should  produce  an  in- 
convenient heat  But  in  this  country,  where  pit-coal  is  in 
general  bo  very  cheap,  we  carry  this  indulgence  to  an  ex- 
treme; or  rather,  we  have  not  studied  how  to  get  all  the 
desired  advantages  with  economy.     A  much  smaller  re- 
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newal  of  air  than  we  commonly  produce  is  abundantly 
wholesome  and  pleasant,  end  we  may  have  all  the  pleasure 
of  the  light  and  flame  of  the  fuel  at  much  leas  expense,  by 
Bmmmttmg  greatly  the  passage  into  the  vent.  The  beat 
way  of  doing  this  is  by  contracting  the  brick-work  on  each 
side  behind  the  mantle-piece,  and  reducing  it  to  a  narrow 
parallelogram,  having  the  back  of  the  vent  for  one  of  its 
long  sides.  Make  an  iron  plate  to  fit  this  hole,  of  the  same 
length,  but  broader,  so  that  it  may  He  sloping,  its  lower 
edge  being  in  contact  with  the  forenide  of  the  hole,  and  its 
upper  edge  leaning  on  the  back  of  the  vent.  In  this  posi- 
tion it  shuts  the  bole  entirely.  Now  let  the  plate  have  a 
hinge  along  tbe  front  or  lower  edge,  and  fold  np  like  the 
lid  of  a  chest  We  shall  thus  be  able  to  enlarge  the  pas- 
sage at  pleasure.  In  a  fire-place  fit  for  a  room  of  24  feet 
by  18,  if  this  plate  may  be  about  18  inches  long  from  side 
to  side,  and  folded  back  within  an  inch  or  an  inch  and  a 
half  of  the  wall,  this  will  allow  passage  for  as  much  air  as 
will  keep  up  a  very  cheerful  fire ;  and  by  raising  or  lower- 
ing this  ekoihtik,  the  fire  may  be  made  to  burn  more  or 
less  rapidly.  A  free  passage  of  half  an  inch  will  be  suffi- 
cient in  weather  that  is  not  immoderately  cold.  The  prin- 
ciple on  which  this  construction  produces  its  effect  is,  that 
the  air  which  is  in  the  front  of  the  fire,  and  much  warmed 
by  it,  is  not  allowed  to  get  into  tbe  chimney,  where 
it  would  be  immediately  hurried  up  tbe  vent,  but  rises 
up  to  tbe  ceiling,  and  is  diffiifd  over  tbe  whole  room. 
This  double  motion  of  tbe  air  may  be  distinctly  observed 
by  opening  a  little  of  the  door  and  holding  a  candle  in  tbe 
way.  If  the  candle  be  held  near  tbe  floor,  tbe  flame  will 
be  blown  into  the  room ;  but  if  held  near  the  top  of  the 
door,  the  flame  will  be  blown  outward. 

But  the  moat  perfect  method  of  warming  an  apartment  in 
these  temperate  climates,  where  we  can  indulge  in  the 
cheerfulness  and  sweet  air  produced  by  an  open  fire,  is 
what  we  call  a  stove-grate,  and  our  neighbours  on  the  con- 
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tineut  call  a  chapelle,  from  its  resemblance  to  the  c 
or  oratories  in  .the  great  churches. 

In  the  great  chimney-piece,  which,  in  this  case,  may  be 
made  even  larger  than  ordinary,  is  set  a  smaller  one  fitted 
lip  in  the  same  style  of  ornament,  but  of  a  sise  no  greater 
than  is  sufficient  for  holding  the  fueL  The  aides  and  back 
o£  it  are  made  of  iron  (cast  iron  is  preferable  to  hammered 
iron,  because  it  does  not  so  readily  calcine),  and  are  kept 
at  a  small  distance  from  the  sides  and  bask  of  the  main 
chimney-piece,  and  are  continued  down  to  the  hearth,  so 
that  the  ash-pit  is  also  separated.  The  pipe  or  chimney  of 
the  stove  grate  is  carried  up  behind  the  ornaments  of  the 
mantle-piece  till  it  rises  above  the  mantle-piece  of  the  main 
chimney-piece,  and  is  fitted  with  a  register  or  damper- 
plate  turning  round  a  transverse  axis.  The  best  form  of 
this  register  is  that  which  we  have  recommended  for  an  or- 
dinary fire-place,  having  its  axis  or  joint  close  at  the  front ; 
so  that  when  it  is  open  or  turned  up,  the  ■  burnt  air '  and 
smoke  striking  it  obliquely,  are  directed  with  certainty  into 
the  vent,  without  any  risk  of  reverberating  and  coming  out 
into  the  room.  All  the  rest  o£  the  vent  is  shut  up  by  iron 
plates  or  brick-work  out  of  sight 

.  The  effect  of  this  construction  is  very  obvious.  The 
fuel,  being  in  immediate  contact  with  the  back  and  sides  of 
the  grate,  heat  them,  to  a  great  degree,  and  they  heat  the 
air  contiguous  to  them.  This  heated  air  cannot  get  up 
the.  vent,  because  the  passages  above  these  spaces  are  shut 
up.  It  therefore  comes  out  into  the  room ;  some  of  it  goes 
into  the  real  fire-place  and  is  carried  up  the  vent,  and 
the  rest  rises  to  the  ceiling,  and  is  diffused  over  the  room. 

It  is  surprising  to  a  person  who  does  not  consider  it  with 
skill  how  powerfully,  this  grate  warms  a  room.  Less  than 
one-fourth  of  the  fuel  consumed  in  an  ordinary  fire-place 
is  sufficient;  and  this  with  the  same  cheerful  blazing  hearth 
and  salutary  renewal  of  air.  It  even  requires  attention  to 
keep  the  room  cool  enough.  The  heat  communicated  to 
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those  ports  in  contact  with  the  fuel  is  needlessly  great ; 
and  it  will  be  a  considerable  improvement  to  line  this  part 
with  very  thick  plates  of  cast  iron,  or  with  tiles  made  of 
fire-clay,  which  will  not  crack  with  the  heat  These,  being 
very  bad  conductors,  will  make  the  heat,  ultimately  com- 
municated to  the  air,  very  moderate.  If,  with  all  these 
precautions,  the  heat  should  be  found  too  great,  it  may 
be  brought  under  perfect  management  by  opening  passages 
into  the  vent  from  the  lateral  spaces.  These  may  be  .valves 
or  trap-doors  moved  by  rods  concealed  behind  the  orna- 
ments. 

Thus  we  have  a  fire-place  under  the  most  .complete  re- 
gulation, where  we  can  always  have  a  cheerful  fire  without 
being  for  a  quarter  of  an  hour  incommoded  by  the  heat ; 
and  we  can  as  quickly  raise  our  fire,  when  too  low,  by 
hanging  on  a  plate  of  iron  on  the  front,  which  shall  reach 
as  low  as  the  grate.  This  in  five  minutes  will  blowup  the 
fire  into  a  glow ;  and  the  plate  may  be  sent  out  of  the 
room,  or  set  behind,  the  stove-grate  out  of  sight. 

The  propriety  of  enclosing  the  ash-pit  is  hot  so  obvious ; 
but  if  this  be  not  done,  the  light  ashes,  not  finding  a  ready 
passage  up  the  chimney,  will  come  out  into  the  room  along 
with  the  heated  air. 

We  do  not  consider  in  this  place  the  various  extraneous 
circumstances  which  impede  the  current  of  air  in  our  chim- 
neys, and  produce  smoky  houses ;  but  only  the  theory  of 
this  motion  in  general,  and  the  modifications  of  its  opera- 
tion arising  from  the  various  purposes  to  which  it  may  be 
applied. 

Under  this  bead  we  shall  next  give  a  general  account  and 
description  of  the  method  of  warming  apartments,  by  stoves. 
A  Stove  to  general  is  a  fire-place  shut  up  on  all  sides, 
having  only  a  passage  for  admitting  the  air  to  support  the 
fire,  and  a  tube  for  carrying  off  the  vitiated  air  and  smoke; 
and  the  air  of  the  room  is  wanned  by  coming  into  contact 
with  the  outside  of  the  stove  and  flue.     The  general  prin- 
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ciple  of  construction,  therefore,  i*  very  simple.  The  air 
iuiMt.be  nude,  to  come  into  as  close  contact  as  possible  with 
the  fire,  or  even  to  pass  through  it,  and  this  in  such  quan- 
tities as  just  to  consume  a  quantity  of  fuel  sufficient  fat 
producing  the  heat  required;  nod  the  stove  must  be  so  cos- 
strutted,  that  both  the  burning  fuel  and  toe  air  which  ha 
been  heated  by  it  shall  be  applied  to  as  extensive  a  surface 
as  possible  of  furnace,  all  in  contact  with  the  air  of  the 
room ;  and  the  heated  air  within  the  store  must  not  be  at 
lowed  b)  get  into  the  funnel  which  is  to  carry  it  on*  till  it  is 
too  much  cooled  to  produce  any  considerable  beat  an  the 
outside  of  the  store. 

lathis  temperate  climate  no  gnat  ingenuity  is BantaSaty 
for  warming  an  ordinary  apartment ;  and  stoves  ate  wade 
rather  to  please  the  eye  as  furniture  than  as  acuoomkai 
substitutes  fur  an  open  fixe  of  equal  calorific,  power.  But 
our  neighbours  on  the  continent,  and  especially  towards  the 
north,  where  the  cold  of  winter  is  intense,  and  fuel  Tory 
dear,  have  bestowed  much  attention  on  their  o 
and  have  combined  ingenious  economy  with  every  e 
of  farm.  Nothing  csn  be  hafldsopMr  than,  the  stoves  of 
Fsyencerie  that  are  to  be  seen  in  French  Flanders,  or  the 
Russian  stoves  at  St  Petersburg]!,  finished  in  stucco.  Oar 
readers  will  not,  therefore,  be  displeased  with  a  description 
of  them.  In  this  place,  however,  we  shall  only consider  a 
stove  in  general  as  a  subject  of  pneumatical  dneussion. 

The  general- form,  therefore,  of  a  stove,  and  of  which  all 
others  are  only  modifications  adapted  to  circuiastanoei  of 
utility  or  taste,  is  as  follows : 

MIKL  (Fig.  79.)  is  a  quadrangular  box  of  any  sxse  in 
the  directions  MI  LK.  The  inside  width  from  front 
to  back  is  pretty  constant,  never  less  than  ten  inches,  and 
rarely  extending  to  twenty ;  the  included  space  is  divided 
by  a  great  many  partitions.  The  lowest  chamber  AB  is 
the  receptacle  for  the  fuel,  which  lies  on  the  bottom  of  the 
stove  without  any  grate  :  this  fire-place  has  a  door  AO 
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turning  on  binges  »nd  in  tliis  doer  ■  isa  very  small  wieatat 
P :  the  roof  of  the  fire-place  extendi  to  within  a  very  few 
inches  of  the  farther  end,  leaving  a  ntfscnr  passage  B-for 
the  flame,  The  next  partition  J  Sis-  about  eight  uwhe* 
higher,  and  reaches  almost  to  the  other  end,  leaving  a  naV 
row  passage  for  the  flame  at  B.  The  partitions  are  repeat- 
ed  above,  at  the  distance  of  eight  inches,  leaving  passages 
at  the  ends,  alternately  disposed  as  in  the  figure ; '  the  last 
of  them  H  communicates  with  the  room  vent  This  com- 
munication may  be  regulated  by  a  plate  of  irdn,  which  Oafl 
basfid  across  it  by  means  of  a  rod  or  handle  which  cranes 
through  the  side.  The  more  usual  way  of  shutting  up  this 
passage  is  by  a  sort  of  pan  or  bowl  of  earthen  ware  which 
is  whelmed  over  it  with  its  brim  resting  In  sand  contained 
in  a  groove  formed  all  round  the  bole.  This  damper  is  in-> 
trodueed  by  a  door  in  the  front,  which  Is  then  shut.  The 
whole  is  set  on  low  pillars,  so  that  Its  bottom  may  be  a  few 
inches  from  the  floor  of  the  room  :  it  is  usually  placed  in 
a  corner,  and  the  apartments  are  so  disposed  that  their 
chimneys  can  be  joined  in  stacks  as  whh  ds. 

Seme  straw  or  wood-shavings  are  first  burnt  on  die 
hearth  at  its  farther  end.  This  warms  the  air  in  the  stove,- 
and  creates  a  determined  current  The  fuel  is  then  laid 
on  the  hearth  eloce  by  the  door,  said  pretty  much  piled  any 
It  fallow  kindled ;  and  the  current  being  already  directed 
to  the  vent,  there  is  no  danger  of  any  smoke  coming  otrf 
into  the  room.  Effectually  to'  prevent  this,  the  door  H 
abut,  and  the  wicket  P  opened.  The  sir  supplied  by  this, 
being  directed  to  the  middle  or  bottom  of  the  fuel,  quickly 
kindles  H,  and  die  operation  goes  on. 

The  aim  of  this  construction  is  very  obvious.  The  flams 
and-  heated  air  are  retained  as  long  as  possible  within  the1 
body  of  the  stove  by  means  of  the  long  passages ;  and  the 
narrowness  of  these  passages  obliges  the  flame  to  come  in 
contact  with  every  particle  of  soot,  so  as  to  consume  it  comi 
pletely,  and  thus  convert  the  whole  combustible  matterof  the 
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fuel  into  beat.  For  want  of  this  a  very  considerable  por- 
tion of  our  fuel  is  wasted  by  our  open  fires,  even  under  the 
very  best  management :  the  soot  which  sticks  to  our  Teat* 
is  voy  inflammable,  and  a  pound  weight  of  it  will  gm  m 
much  if  not  more  heat  than  a  pound  of  coaL  And  what 
sticks  to  our  vents  a)  very  mconsiderablc  in  comparison  with 
what  escapes  unconsomed  at  the  chimney  top,  Infinaof 
green  wood,  peat,  and  some  kinds  of  pit-coal,  nearly  one- 
fifth  of  the  fuel  ta  -lost  in  this  way ;  but  in  these  stoma  thoc 
is  hardly  ever  any  mark  of  soot  to  be  seen;  and  even  this 
small  quantity  is  produced  only  after  lighting  the  fires. 
The  volatile  inflammable  matters  are  expelled  front  parts 
much  heated  indeed,  but  not  so  hot  as  to  burn;  and  some 
of  it  charred  or  half-burnt  cannot  be  any  further  consum- 
ed, being  enveloped  in  flame  and  air  already  vitiated  and 
unfit  for  combustion.  But  when  the  seme  is  veil  heated, 
and  the  current  brisk,  no  part  of  die  wot  escapes  the  ac- 
tion of  the  air. 

The  hot  air  retained  in  this  manner  in  the  body  of  the 
stove  is  applied  to  ha  sides  in  a  very  extended  surface.  To 
increase  this  still  more,  the  stove  is  made  narrower  front 
front  to  back  in  its  upper  part;  a  certain  breadth  is  neces- 
sary below,  that  there  may  be  room  fin-  faeL  If  this 
breadth  were  preserved  all  the  way  up,  much  heat  would 
be  lost,  because  the  heat  communicated  to  the  partitions  of 
the  stove  does  no  good.  By  itimmiAing  their  breadth,  the 
proportion  of  useful  surface  is  increased.  The  whose  body 
of  the  stove  may  be  considered  as  a  long  pipe  folded  up, 
and  its  effect  would  be  the  greatest  possible  if  it  really  were 
ao ;  that  is,  if  each  partition  e  C,  d  D,  fcc,  were  split  into 
two,  and  a  free  passage  allowed  between  them  for  the  air 
of  the  room.  Something  like  this  will  be  observed  after- 
wards in  some  German  stoves. 

It  is  with  the  same  view  of  making  an  extensive  applica- 
tion of  a  hot  surface  to  the  air,  that  the  stove  is  not  built 
on  the  wall,  nor  even  in  contact  with  it,  nor  with  the  floor: 
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for  by  its  detached  situation,  the  air  in  contact  with  the 
back,  and  with  the  bottom  (where  it  is  hottest),  is  warmed, 
and  contributes  at  least  one-half  of  the  whole  effect ;  for 
the  great  heat  of  the  bottom  makes  its  effect  on  the  air  of 
the  room  at  least  equal  to  that  of  the  two  ends.  Some- 
times a  store  makes  part  of  the.  wall  between  too  small 
rooms,  and  is  found  sufficient. 

It  must  be  remarked,  on  the  whole,  that  the  effector* a 
store  depends  much  on  keeping  in  the  room  the  air  already 
heated  by  it  This  is  so  remarkably  the  case,  that  a  null 
open  fire  in  the  same  room  will  be  so  far  from  increasing 
its  heat,  that  it  will  greatly  diminish  it :  it  will  even  draw, 
the  warm  air  from  a  Buite  of  adjoining  apartments.  This 
is  distinctly  observed  in  the  houses  of  the  English  merch- 
ants in  St  Petersburgh  :  their  habits  of  life  in  Britain  make 
diem  uneasy  without  an  open  fire  in  their  sitting  rooms ; 
and  this  obliges  them  to  heat  all  their  stoves  twice  a-day, 
and  their  houses  are  cooler  than  those  of  the  Russians  who 
beat  them  only  once.  In  many  German  houses,  especially 
of  the  lower  c]ass>  the  fire-place  of  the  stove  does  not  open 
into  the  room,  but  into  the  yard  or  lobby,  where  all  die 
fires  are  lighted  and  tended  i  by  this  means  is  avoided  the 
expense  of  warm  air  which  must  have  been  carried  off  by 
die  store:  bat  it  is  evident,  that  this  must  be  very  un- 
pleasant, and  cannot  be  wholesome.  We  must  breathe  die 
same  quantity  of  stagnant  air,  loaded  with  all  the  vapours 
and  trhalatmiii  which  must  be  produced  in  every  Inhabit, 
ed  place.  Going  into  one  of  these  houses  from  the  open 
air,  is  hke  putting  one's  head  into  a  stew-pan  or  under  a 
pie-crust,  and  quickly  nauseates  us  who  are  accustomed  to 
fresh  air  and  cleanliness.  In  these  countries  it  is  a  matter  al- 
most of  necessity  to  fumigate  the  rooms  with  frankincense 
and  other  gums  burnt.  The  censer  in  ancient  worship  was  in 
all  probability  an  utensil  introduced  by  necessity  lor  sweet- 
esing  or  rendering  tolerable  the  air  of  a  crowded  place : 
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and  it  m  a  constant  practice  in  the  Russian  bouses  for  a 
servant  to  go  round  the  mom  after  dinner,  waving  a  cen- 
ser with  some  gums  burning  on  bits  of  charcoal. 

Tlie  account  now  given  of  stove*  ft>r  beating  room*,  and 
of  the  otraiUMtanoe*  which:  must  be  attended  to  n  truer 
construction,,  "ill  equally  apply  to  hot  walk  in  gnrdfning, 
whether  within  or  without  doora  The  only  new  om» 
stance.whiah  this  employment  of  a  flue  introduces,  is  the 
attention,  winch  must  be  paid  to  the  equability  of  the  heat, 
and  the  gradation  which  nunt  be  obtwrved  m  different  parts 
of  the  building.  The  bast  in  the  fiue  gradually  duMieaet 
aa  it  recedes  from  the  Ere-plar-e,  because  .it  is  omaeaAUy 
giving  out  best  to  the  flwe.  It  must .  therefore  be  to  con- 
ducted through  the  building  by  frequent  return*,  that  in 
every  part  there  may  be  a  nurture  of  warmer  and  tenant 
branches  of  the  flue,  and  the  final  chhuuey  should beefeet 
by  the.  fire-place.  It. would*  however,  be  improper  to 
run  the  flue  from,  the  end  of  the  fleer  up  to  the  ceiling, 
where  the  second  horizontal  pipe  would  be  placed^  and 
than  Detain,  it  downward  again*  and  make  the  third  hoaeoo- 
tal  flue  adjoining  to  the  first,  8*.  This  would  rathe  the 
evddbi  of.the  wall  the  coldest,  If  itii  the  fine  of  a,  green- 
house, Una  would  be  highly  impeoperv  because  the  upper 
part  of  the  wall  can  be  very  little  employed]  and n  tins 
ease  it  is  better  to  allow  -the  Qm  to  proceed  gradually  up 
th»  wall  ua  its  different  return*,  by  which  the  lowest  part 
would,  ber  the  warmest,  and  the  heated  ak  will  asoead 
anwug  the  pots,  and  plant*;  but  in  a  hot  wall,  wheser  the 
trees  are  to  receive  heat  by  contact,  soma  approxinuttioa  to 
.the>  above  method  may  be  useful 

In,  the  hyrtocausta  and  tudaria.  o£  the  Greeks  and'  Bo- 
mem,  the  flue  was.  conducted,  chiefly  under  the  floors. 

MatoaJhwvant  a  species  of  stove  which  merit  eur  atten- 
tion.'. Many  attempts  have  been  made  toi  imptove  thcMoo 
the  principle  of  flue-stoves;  but  they  have  been  unsuaorat- 
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fill,  became  beat  is  not  what  is  chiefly  noted  in  malting : 
it  is  a  copious  current  of  very  dry  air  to  carry  off  the  ntois- 
ture. 

All  that  is  CO  be  attended  to  in  the  different  kinds  of 
melting  furnaces  is,  that  the  current  of  air  he  sufflciently 
rapid,  and  that  it  be  applied  in  as  extensive  a  surface  as 
possible  to  the  sUbstanee  to  be  melted.  The  more  rapid 
the  current  it  Is  the  hotter,  because  it  is  consuming  note 
foel ;  and  therefore  its  effect  Increases  in  a  higher  propor- 
tion than  its  rapidity.  It  is  doubly  effectual  if  twiceas  hot; 
and  H"  it  then  be  twice  as  rapid,'  there  is  twice  the  cfusntity 
Of  doubly  hot  air  applied  to  the  subject ;  it  would  there- 
fere  be  feat  times  more  powerful.  This  is  procured  by 
raising  the"  cbhnney  of  the  ftfrnace  to  a  greater  height 
The  close  application  of  H  to  the  subject  can  hardly  be 
hnd  down  m  genera)  terms,  because  it  depends  on  the  pre- 
cise drewmstances  of  each  case. 

In  reverberatory  furnaces,  such  as  refining  furnaces 
for  gold,  silver,  and  copper,  life  name  is  made  to  play 
Over  the  surface  of  the  melted  metal.  Tros  is  produced 
entirely  by  the  form  of  the  famace,  by  making  the  arch 
of  the  fimiace  as  low  as  the  circumstances'  of  use  aranr 
piilstion  will  allow.  Experience  has  pointed  out  in  gene- 
ral the  chief  circumstances  of  their  construction,  ftx.  that 
the  fuel  should  be  at  one  end  on  a  grate,  through  which  the 
a»  enters  to  maintain  the  fire,  and  that  the  metal  should 
be  placed  on  a  level  floor  between  the  fuer  and  the  taH 
chimney  which  produces  the  current  But  there  iartokmd 
of  furnace  more  variable  in  its  effect,  and  almost  every 
place  has  a  small  peculiarity  of  construction,  ow  which  its 
pre-eminence  is  rested.  This  has  occasioned  many  whim- 
sical varieties  iti  their  form.  This  uncertainty  seems  to 
depend  much  on  a  circumstance  rather  foreign  to  our  pre- 
sent purpose ;  but  as  we  do  not  observe  it  taken  notice-  of 
by  mineralogies^  writers,  we  beg  leave  to  mention  it  here. 
It  is  not  heat  alone  that  is  wanted  in  the  refining  of  silver 
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by  lead,  for  instance.  We  must  nuke  a  continual  applica- 
tion to  its  surface  of  air,  which  has  not  contributed  to  the 
combustion  of  the  fuel.  Any  quantity  of  the  hottest  air, 
already  saturated  with  the  fuel,  may  play  on  the  surface  of 
the  metal  for  ever,  and  keep  it  in  the  state  of  most  perfect 
fusion,  but  without  refining  it  in  the  least. ,  Now,  in  the 
ordinary  construction  of  a  furnace,  this  is  much  the  case. 
If  the  whole  air  has  come  in  by  the  grate,  and  passed 
through  the  middle  of  the  fuel,  it  can  hardly  be  otherwise 
than  nearly  saturated  with  it ;  and  if  air  be  also  admitted 
by  the  door  (which  is  generally  done  or  something  equiva- 
lent), the  pure  air  lies  above  the  vitiated  air,  and  during 
the  passage  along  the  horizontal  part  of  the  furnace,  and 
along  the  surface  of  the  metal,  it  still  keeps  above  it,  at 
least  there  is  nothing  to  promote  their  mixture.  Thus  the 
metal  does  not  come  into  contact  with  air  fit  to  act  on  the 
base  metal  and  calcine  it,  and  the  operation  of  refining  goes 
on  slowly.  Trifling  circumstances  in  the  form  of  the  arch 
or  canal  may  tend  to  promote  the  jumbling  of  the  airs  to- 
gether, and  thus  render  the  operation  more  expeditious ; 
and  as  these  are  but  ill  understood,  or  perhaps  this  circum- 
stance not  attended  to,  no  wonder  that  we  see  these  consi- 
dered as  so  many  nostrums  of  great  importance.  It  were 
therefore  worth  while  to  try  the  effect  of  changes  in  the 
form  of  the  roof  directed  to  this  very  circumstance.  Per- 
haps some  little  prominence  down  from  the  arch  of  the  re- 
verberatory  would  have  this  effect,  by  suddenly  throwing 
the  current  into  confusion.  If  the  additional  length  of  pas- 
sage do  not  cool  the  air  too  much,  we  should  think  that  if 
there  were  interposed  between  the  fuel  and  the  refining 
floor  a  passage  twisted  like  a  cork-screw,  making  just  half 
a  turn,  it  would  be  most  effectual :  for  we  imagine,  that 
the  two  airs,  keeping  each  to  their  respective  sides  of  the 
passage,  would  by  this  means  be  turned  upside  down,  and 
that  the  pure  stratum  would  now  be  in  contact  with  the 
metal,  and  the  vitiated  air  would  be  above  it. 
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Thr  gUaB-hoose  firrnace  exhibits  the  chief  variety  in  the 
management  of  the  current  of  heated  air.  In  tins  it  if  ne- 
cessary that  the  bole  at  which  the  workman  dips  his  jape 
into  the  pot  shall  be  as  hot  as  any  part  of  the  furnace.  This 
could  never  be  the  case,  if  the  furnace  bad  a  chimney  situ- 
ated in  a  part  above  the  dipping-hole ;  for  in  this  ease  cold 
air  would  immediately  rash  in  at  the  hole,  play  over  the  sur- 
face of  the  pot,  and  go  np  the  chimney.  To  prevent  this  the 
hole  itself  is  made  the  chimney;  but  as  this  would  be  too 
short,  and  would  produce  very  little  current  and  very  little 
heat,  the  whole  furnace  is  set  under  a  tall  dome.  Thus 
the  heated  air  from  the  real  furnace  is  confined  in  this  rifWH*, 
and  constitutes  a  high  column  of  very  light  air,  which  win 
therefore  rise  with  great  force  up  the  dome,  and  escape  at 
the  top.  This  dome  is  therefore  the  chimney,  and  will  pro- 
duce a  draught  or  current  proportioned  to  its  height.  Some 
are  raised  above  an  hundred  feet.  When  all  the  doors  of 
this  house  are  shut,  and  thus  no  supply  given  except 
through  the  fire,  the  current  and  heat  become  prodigious. 
This,  however,  cannot  be  done,  because  the  workmen  are 
in  this  chimney,  and  must  have  respirable  air.  But  not- 
withstanding this  supply  by  the  bouse-doors,  the  draught 
of  the  real  furnace  is  vastly  increased  by  the  dome,  and  a 
heat  produced  sufficient  for  the  work,  and  which  could  not 
have  been  produced  without  the  dome. 

This  has  been  applied  with  great  ingenuity  and  effect  to 
a  furnace  for  melting  iron  from  the  ore,  and  an  iron  finery, 
both  without  a  blast  The  common  blast  iron  furnace  is 
well  known.  It  is  a  tall  cone  with  the  apex  undermost. 
.  The  ore  and  fluxes  are  thrown  into  this  cone  mixed  inti- 
mately with  the  fuel  till  it  is  full,  and  the  blast  of  most 
powerful  bellows  is  directed  into  the  bottom  of  this  cone 
through  a  hole  hi  the  aide.  The  air  is  thrown  in  with  such 
force,  that  it  makes  its  way  through  the  mass  of  matter, 
kindles  the  fuel  in  its  passage,  and  fluxes  the  materials, 
*hkh  then  drop  down  into  a  receptacle  below  the  blast- 
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hole,  and  thus  the  passage  for  the  air  is  kept  unobstructed. 
It  wu  thought  impossible  to  produce  iv  nuuntain  this  cur- 
rant without  bellows  i  but  Mr  Cotteral,  an  iogcsuoa*  fbeisdV 
er,  tried  the  effect  of  a  tall  dome  pieced  over  the  mouth  of 
the  I dame,  tod  though  it  was  not  half  the  height  of  pep 
gltaUtouM  domes  it  bad  the  desired  elect  Considerable 
difficulties,  however,  occurred ;  aad  he  had  not  tarmoHnU 
ed  these  aH  when  he  left  the  neighbourhood  of  Edietwrgk, 
aor  have  we  heard  that  he  ha*  yet  brouglii  the  mveaSaoa  to 
perfecuoa.  It  ia  extremely  difficult  to  place  the  kolas  be- 
low, at  which  the  air  is  to  enter,  at  such  *  ptceisB  twght 
sa  neither  to  be  choked  by  the  melted  matter,  aer  la  leave 
ore  aad  stones  below  them  unmeJted ;  but  the  ifMiun  ia 
very  ingenious,  aad  will  he  of  immense  service  if  it  can  bt 
perfected;  for  ia  many  places  iron  ore  is  to  be  found  what* 
water  cannot  he  had  for  working  a  blast  nirface. 

The  last  application  whack  we  shall  make  of  the  camera* 
produced  by  heating  the  ear  is  to  the  freeing  mines,  shtpe, 
prisons,  Sac.  from  the  damp  and  noxious  vapour*  which 
frequently  iaftst  them. 

A I  a  drift  or  work  is  carried  on  ia  the  mine,  let » trunk 
af  deal  boards,  about  six  or  eight  inches  square,  be  laid 
along  the  bottom  of  the  drift,  comamiacataig  with  a  trunk 
carried  up  in  the  corner  of  one  of  me  abaft*.  Let  the  top 
of  this  last  trunk  open  into  fhe  ash-pit  of  a  man  fitraaee, 
having  a  tall  chimney.  Let  fire  be  saacaed  in  the  furnace ; 
and  when  it  is  well  heated,  shut  the  fire-place  and  aah-ptt 
doors.  There  being  no  other  supply  for  the  current  pro- 
duced in  the  chimney  of  this  furnace,  the  air  wal  now  into 
it  from  the  trunk,  and  wilt  bring  along  with  it  att  the  of- 
fensive vapours.  This  is  the  most  effectual  method  yet 
found  out  In  the  same  manner  may  trunks  be  conducted 
into  the  ash-pit  of  a  furnace  from  the  cells  of  a  prison  or 
the  wards  of  an  hospital. 

In  the  account  which  we  have  been  giving  of  the  ma- 
nagement of  air  in  furnaces  and  common  ■***>  **  be** 
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frequently  mentioned  the  immediate  Application  of  air  to  the 
burning  fiiwl  at  necessary  for  its  combustion.  This  is  a  ge- 
neral fact.  In  order  that  any  inflnnswahli  body  may  be  rant* 
ly  mfiaaed,  and  its  combustible  matter  ccanunwd  and  ashes 
produced,  it  is  not  enough  that  the  body  be  made  hat  A 
pitta  of  charcoal  enclosed  in  a  bo*  of  iron  may  bo  kept  teak 
hot  for- ever,  withoWwa»tmg-itosuDBtanDoiaAeainallestde- 
gree.  It  W  farther  iiecessary  tbatitbeinoaamut  vrtb.a.psjr< 
tmabw  species  of  air*  which  constitutes  about  three-eighths 
oftkeairof  the  atraosphere, via.  the  vital  ah-of  lartnioidr. 
It  was  called  tmpgreai  air  by  ScheeJe,  who  first  observed  its 
mdispenmble  u»»  in  maintaining  fire  :  and  it  appears,  that 
in  contributing  to  the  cwDkbnsmm  of  an  inflammable  body, 
this  nit  wnoabnits  with  some  of  its  ingredients,  andbeeomes 
fixed  air,  suffering  the  same  change  as  by  the  breaming  of 
animals.  Combustion  may  therefore  be  considered  as  a  sot 
lution  of  the  infUmnutbU  body  in  air.  That  doctrine  was 
first  promulgated  by  the  celebrated  Dr  Hooke  m  his  iSco- 
gr*pMa,  published  in  1660,  and  afterwords  improved  in 
hie  Treatise  on  Lamps.  It  is  now  completely  established, 
and  considered  as  a  new  discovery  It  is  for  ibis  reason 
that  in  fire-places  of  all  kinds  we  hare  directed  the  con* 
amotion,  bo  as  to  prsdtice  a  close  application  of  the  air  ts 
the  fuel.  It  is  quite  needless  at  this  day  to  enter  inn*  the 
discussions  which  formerly  occupied  philosophers  about  the 
manner  in  which  the  pressure  and  elasticity  of  die  air  pro- 
mated  combustion.  Many  experiments  were  made  in  the 
last  oottury  by  the  first  members  of  the  Royal  Society,  to 
discover  the  office  of  air  in  combustion.  It  was  thbught 
that  the  fiame  was  extinguished  in  rase  sir  for  want  of  a 
pressure  to  keep  it  together ;  but  this  did  not  capmiirits 
extinction  when  the  air,  was  not  renewed.  These  expert* 
menu  are  still  retained  in  courses  of  experimental  philoso- 
phy, as  they  an  injudiciously  styled ;  but  they  give  little 
or  no  information,  nor  tend  to  the  illustration  of  any  pnes> 
BUttcal  doctrine ;  they  are  therefore  omitted  in  this  puree. 
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In  short,  it  is  now  fully  established,  that  it  is  not  8  mecha- 
nical but  a  chemical  phenomenon.  We  can  only  infirm 
the  chemist,  that  a  candle  will  consume  faster  in  the  Low 
Countries  than  in  the  elevated  regions  of  Quito  and  Gondar, 
because  the  air  is  nearly  one-half  denser  below,  and  will 
act  proportionally  Sister  in  decomposing  the  candle. 

We  shall  conclude  this  part  of  our  subject  with  the  ex- 
planation of  a  curious  phenomenon  observed  in  many  places. 
Certain  springs  or  fountains  are  observed  to  have  periods 
of  repletion  and  scantiness,  or  seem  to  ebb  and  flow  at  re- 
gular intervals  j  and  some  of  these  periods  are  of  a  compli- 
cated nature.  Thus  a  well  will  have  several  returns  of 
high  and  low  water,  the  difference  of  winch  gradually  in- 
creases to  a  maximum,  and  then  diminishes,  just  as  weob- 
serve  in  the  ocean.  A  very  ingenious  and  probable  expla- 
nation of  this  has  been  given  in  No  484  of  the  Philosophi- 
cal Transactions,  by  Mr  Atwclt,  as  follows : 

Let  ABCD  (Fig.  60.)  represent  a  cavern,  into  which 
water  is  brought  by  the  subterraneous  passage  OT.  Let 
it  have  an  outlet  MNF,  of  a  crooked  form,  with  its  highest 
partN  considerably  raised  above  the  bottom  of  the  cavern, 
and  thence  sloping  downwards  into  lower  ground,  and  ter- 
minating in  an  open  well  at  P.  Let  the  dimensions  of  this 
canal  be  such  that  it  will  discharge  much  more  water  than 
is  supplied  by  TO.  All  this  is  very  natural,  and  may  be 
very  common.  The  effect  of  this  arrangement  will  be  a 
remitting  spring  at  P :  for  when  the  cavern  is  filled  higher 
than  the  point  N,  the  canal  MNF  will  act  as  a  syphon ; 
and,  by  the  conditions  assumed,  it  will  discharge  the  wa- 
ter tester  than  TO  supplies  it ;  it  will  therefore  ran  it  dry, 
and  then  the  spring  at  P  will  cease  to  furnish  water.  Af- 
ter some  time  the  cavern  will  again  be  filled  up  to  the 
height  N,  and  the  flow  at  P  will  recommence. 

If,  besides  this  supply,  the  well  P  also  receive  water  from 
a  constant  source,  we  shall  have  a  reciprocating  spring. 

The  situation  and  dimensions  of  this  syphon  canal,  and 
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the  supply  of  the  feeder,  may  be  such,  tnsi  the  efflux  at  P 
will  be  constant.  If  the  supply  increase  in  a  certain'  de- 
gree, a  reciprocation  will  be  produced  at  F  with  very  short 
intervals ;  if  the  supply  djwjoiabgi  considerably,  we  ihall 
have  aaother  kind  of  reciprocation  with  great  intervals  and 
great  differences  of  water. 

If  the  cavern  has  another  simple  outlet  B,  new  varieties 
'  will  be  produced  in  the  spring  P,  and  B  will  afford  a  cu- 
rious spring.  Let  the  mouth  of  B,  by  which  the  water 
enters  it  from  the  cavern,  be  lower  then  N,  and  let  the 
supply  of  the  feeding  spring  be  no  greater  than  B,  can 
discharge,  we  shall  have  a  constant  spring  from  B,  and  P 
will  give  no  water.  But  suppose  that  the  main  feeder  in- 
creases in  winter  or  in  rainy  seasons,  but  not  so  much  as 
will  supply  both  P  and  B,  the  cavern  will  fill  till  the  water 
gets  over  N,  and  II  will  be  running  all  the  while ;  but 
soon  after  P  has  begun  to  flow,  and  the  water  in  the  cavern 
-  sinks  below  B,  the  stream  from  B  will  stop.  The  cavern 
will  be  emptied  by  the  syphon  canal  MNP,  and  then  P 
will  stop.  The.  cavern  will  then  begin  to  fill,  and  when 
near  full  B  will  give  a  little  water,  and  soon  after  P  will 
ran  and  H.  stop  as  before,  &c 

DesBguliers  shows,  vol.  ii.  p.  177,  &c  in  what  manner  a 
prodigious  variety  of  periodical  ebbs  and  flows  may  be  pro- 
duced by  underground  canala.  which  are  extremely  simple 
and  probable. 

Wx  shall  conclude  this  article  with  the  descriptions  of 
some  pneumatics]  machines  or  engines  which  have  not  been 
particularly  noticed  under  their  names  in  the  former 
volumes  of  this  work. 

BtBami  are  of  most  extensive  and  important  use ;  and  it 
will  be  of  service  to  describe  such  as  are  of  uncommon  con- 
struction and  great  power,  fit  for  the  great  operations  in 
metallurgy. 
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It  is  not  the  impulsive  force  of  the  blast  Uut  is  wanted 
in  moot  cases,  but  merely  the  copious  supply  of  air,  to  pro- 
duce, the  rapid  combustion  of  inflammable  matter;  and  the 
service  would  be  better  performed  in  general  if  this  could 
lie.  done  with  moderate  velocities,  and  an  extended  surface. 
What  are  called  air-furnaces,  where  a  considerable  surface 
of  inflammable  matter  is  acted  on  at  once  by  the  current 
.which  the  mere  heat  of  the  expended  air  has  produced,  are 
found  more  operative  in  proportion  to  the  air  expended  than 
Mast  furnaces  animated  by  bellow*  j  and  we  doubt  not  but 
that  the  method  proposed  by  M.  Cotterel  (which  we  bare 
already  mentioned)  of  increasing  this  current  in  a  melting 
furnace  by  means  of  a  dorse,  will  in  time  supersede  the 
blast  furnaces.  There  is  indeed  a  great  impulsive  force 
required  in  some  cases ;  as  for  blowing  off  the  scoria  from 
the  surface  of  silver  or  copper  in  refining  furnaces,  or  for 
keeping  a  clear  passage  for  the  air  is  the  great  iron  fur- 
nace. 

In  general,  however,  we  cannot  procure  this  abundant 
supply  of  air  any  other  way  than  by  giving  it  a  great  velo- 
city by  means  of  a  great  pressure,  so  that  the  general  con- 
struction of  bellows  is  pretty  much  the  same  hi  all  kinds. 
The  sir  is  admitted  into  a  very  large  cavity,  and  then  ex- 
pelled from  it  through  a  small  hole. 

The  furnaces  at  the  mines  having  been  greatly  enlarged, 
it  was  necessary  to  enlarge  the  bellows  also :  and  the  leath- 
ern bellows  becoming  exceedingly  expensive,  wooden  ones 
were  substituted  in  Germany  about  the  beginning  of  last 
century,  and  from  them  became  general  through  Europe. 
They  consist  of  a  wooden  box  ABCPFE  (Fig.  92.), 
which  has  its  top  and  two  sides  fiat  or  straight,  and  the 
end  B  AE  e  formed  into  an  arched  or  cylindrical  surface, 
of  which  the  line  FP  at  the  other  end  is  the  axis.  This 
box  is  open  below,  and  receives  within  it  the  shallow  box 
KHGNML  (Fig.  63),  which  exactly  fills  it.  The  line  FP 
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of  thecweomadea  with  FP  of  the  other,  and  akmgithis 
lias  »  a  set  of  hinges  on  which  the  upper  box  turns  as  it 
rises  and  rinks.  The  lower  box  is  nude  fast  to  a  frame 
fixed  in  the  ground.  A  pipe  OQ  proceeds  from  -the  end  of 
it,  and  terminate*  at  the  furnace,  where  it' ends  in  «  mull 
pipe  called  the  aawr  or  tuyere.  This  lower  box  is  open 
above,  and  has  in  its  bottom  two  large  valves  V,  T,  open- 
ing inwards.  The  conducting  pipe  is  sometimes  furnished 
with  a  valve  opening  outwards,  to  prevent  burning  coals 
from  being  sucked  into  the  bellows  wheo  the  upper  box  is 
drawn  up.  The  joint  along  FF  is  made  tight  by  thin 
leather  nailed  along  it  The  sides  and  ends  of  the  fixed 
box  are  made  to  fit  the  sides  and  curved  end  of  the  upper 
box;  so  that  this  last  can  be  raised  and  lowered  round  the 
joint  FF  without  sensible  friction,  and  yet  without  suffer- 
ing much  air  to  escape :  but  aa  this  would  not  be  suffieienU 
ly  air-tight  by  reason  of  the  shrinking  and  warping' of  the 
wood,  a  farther  contrivance  is  adopted.  A  slender  lath  of 
wood,  divided  into  several  joints,  and  covered  on  du)  outer 
edge  with  very  soft  leather,  is  laid  along  the  upper  edges 
of  the  sides  and  ends  of  the  lower  box.  This  lath  is  so 
broad,  that  when  its  inner  edge  is  even  with  the  inside  of 
the  box,  its  outer  edge  projects  about  an  inch.  It  is  kept 
in  this  position  by  a  number  of  steel  wires,  which  are  driven 
into'the  bottom,  of  the  box,  and  stand  up  touching  the 
sides,  as  represented  in  Fig.  96,  where  a  b  c  are  the  wires, 
and  e  the  lath,  projecting  over  the  outside  of  the  box.  By 
tbas  contrivance  the  laths  arc  pressed  close  to  the  sides  and 
curved  end- of  the  moveable,  box,  and  the  spring  wires  yield 
to  all  their  laequflliufit,  A  bat  of  wood  RS  is  hW  to  the 
upper  board*  by  which  it  is  either  raised  by  machinery,  to 
sink  again  by  its  own  weight,  having  an  additional  load 
hud  on  it,  or  it  U  forced  downward  by  a  crank  or  wiper  of 
the  machinery,  and  afterwards  raised. 

The  operation  here  is  precisely  similar  to  that  of  blowing 
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with  a  chamber-bellows*  When  the  board  is  lifted  up,  the 
air  enters  fay  the  valves  V,  V,  Fig.  9*.  and  is  expelled  at  the 
pipe  OQ  by  depressing  the  boards.  There  is  therefore  do 
occasion  to  insist  on  this  point. 

These  bellows  are  made  of  a  very  great  size,  AD  being 
16  feet,  AB  five  feet,  and  the  circular  end  AE  also  five 
feet.  The  rise,  however,  is  but  about  3  or  3$  feet.  They 
expel  at  each  stroke  about  90  cubic  feet  of  air,  and  they 
make  about  8  strokes  per  minute. 

Such  are  the  bellows  in  general  use  on  the  continent. 
We  have  adopted  a  different  form  in  this  kingdom,  which 
seems  much  preferable.  We  use  an  iron  or  wooden  cylin- 
der, with  a  piston  sliding  along  it  This  may  be  made 
with  much  greater  accuracy  than  the  wooden  boxes,  at  less 
expense,  if  of  wood,  because  it  may  be  of  coopers  work, 
held  together  by  hoops ;  but  the  great  advantage  of  this 
form  is  its  being  more  easily  made  air-tight.  The  piston  is 
surrounded  with  a  broad  strap  of*  thick  and  soft  leather, 
and  it  has  around  its  edge  a  deep  groove,  in  which  is  lodg- 
ed a  quantity  of  wool.  This  is  called  the  packing  or  stuff- 
ing, and  keeps  the  leather  very  closely  applied  to  the  inner 
surface  of  the  cylinder.  Iron  cylinders  may  be  very  neat 
ly  bored  and  smoothed,  so  that  the  piston,  even  when  very 
tight,  will  slide  along  it  very  smoothly.  To  promote  this, 
a  quantity  of  black-lead  is  ground  very  fine  with  water, 
and  a  little  of  tins  is  smeared  on  the  inside  of  the  cylinder 
from  time  to  time. 

The  cylinder  has  a  large  valve,  or  sometimes  two  in  the 
bottom,  by  which  the  atmospheric  air  enters  when  the  pis- 
ton is  drawn  up.  When  the  piston  is  thrust  down,  this  sir 
is  expelled  along  a  pipe  of  great  diameter,  which  terminates 
in  the  furnace  with  a  small  orifice. 

This  is  the  simplest  form  of  bellows  which  can  be  con- 
ceived. It  differs  in  nothing  but  size  from  the  bellows 
used  by  the  rudest  nations.     The  Chinese  smiths  have  s 
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ballon  ve*y  similar,  being  a  square  pipe  of  wood  ABODE 
(Fig.  96.),  with  a  square  board  G  which  exactly  fits  it, 
moved  by  the  handle  FG.  At  the  farther  end  is  the  blast 
pipe  HE,  and  on  each  side  of  it  a  valve  in  the  end  of  the 
square  pipe,  opening  inwards.  The  piston  is  sufficiently 
right  for  their  purposes  without  any  leathering. 

The  piston  of  this  cylinder  bellows  is  moved  by  machi- 
nery. In  some  blast  engines  the  piston  is  simply  raised  by 
the  machine,  and  then  let  go,  and  it  descends  by  its  own 
weight,  and  compresses  the  air  below  it  to  such  a  degree, 
that  the  velocity  of  efflux  becomes  constant,  and  the  piston 
descends  uniformly :  for  this  purpose  it  must  be  loaded 
with  a  proper  weight.  This  produces  a  very  uniform  blast, 
except  at  the  very  beginning,  while  the  piston  falls  sudden- 
ly and  compresses  the  air :  but  in  most  engines  the  piston 
rod  is  forced  down  the  cylinder  with  a  determined  motion, 
by  means  of  a  beam,  crank,  or  other  contrivance.  This 
gives  a  more  unequal  blast,  because  the  motion  of  the  pia- 
ton  ia  necessarily  slow  in  the  beginning  and  end  of  the 
stroke,  and  quicker  in  the  middle. 

But  in  all  it  is  plain  that  the  blast  must  be  desultory. 
It  ceases  while  the  piston  is  rising ;  for  this  reason  it  is 
usual  to  have  two  cylinders,  as  it  was  formerly  usual  to 
have  two  bellowB  which  worked  alternately.  Sometimes 
[  three  or  four  are  used,  as  at  the  Carron  iron-works.  This 
makes  a  blast  abundantly  uniform. 

But  an  uniform  blast  may  be  made  with  a  single  cylin- 
der, by  making  it  deliver  its  air  into  another  cylinder, 
which  has  a  piston  exactly  fitted  to  its  bore,  and  loaded 
with  a  sufficient  weight  The  blowing  cylinder  ABCD 
(Fig.  97.)  has  its  piston  F  worked  by  a  rod  NP,  connect- 
ed by  double  chains,  with  the  arched  head  of  the  working  , 
beam  NO  moving  round  a  gudgeon  at  R.  The  other  end 
O  of  this  beam  is  connected  by  the  rod  OP,  with  the  crank 
PQ  of  a  wheel  machine ;  or  it  may  be  connected  with  the 
piston  of  a  steam-engine,  Sec  Sic     The  blowing  cylinder 
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has  s  valve  or  valval  EiniU  bottom,  opening  inwards. 
There  proceeds  from  it  a  large  pipe  GP,  which  enters  the 
regulating  cylinder  GHICI,  and  has  a  valve  at  top  to-  pre- 
vent the  air  from  getting  back  into  the  Mowing'  eyKndee. 
It  is  evident' that  the  air  forced  into  Una  cylinder  must  raise 
its  piston  L,  and  that  it  must  afterwards  descend,  while  the 
other  piston  is  rising.  It  must  descend  uniformly,  and 
make  a  perfectly  equable  blast 

Observe,  that  if  the  piston  L  be  at  the  bottom  when  die 
machine  begins  to  work,  it  will  be  at  the  bottom  at  the  end 
of  every  stroke,  if  the  tuyere  T  emits  as  much  air  as  the 
cylinder  ABCD  furnishes ;  nay,  it  win  lie  a  while  at  die 
bottom ;  for,  while  it  was  rising,  air  was  issuing  through  T. 
This  would  make  an  interrupted  blast.  To  prevent  this, 
the  orifice  T  must  be  lessened;  but  then  there  will  be  a 
surplus  of  air  at  the  end  of  each  stroke,  and  the  piston  L 
will  rise  continually,  and  at  last  get  to  die  top,  and  allow 
air  to  escape.  It  is  just  possible  to  adjust  circumstances, 
so  that  neither  shall  happen.  This  is  done  easier  by  pot- 
ting a  stop  in  the  way  of  the  piston,  and  putting  a  varre 
on  the  piston,  or  on  the  conducting  pipe  If  ST,  loaded  with 
a  weight  a  little  superior  to  die  intended  elasticity  of  the 
air  in  the  cylinder.  Therefore  when  the  piston  is  prevent- 
ed by  the  stop  from  rising,  the  saining  valve,  as  it  is  catted, 
is  farced  open,  the  superfluous  air  escapes,  and  the  blast 
preserves  its  uniformity. 

It  may  be  of  use  to  give  the  dimensions  of  a  machine  of 
this  kind,  which  has  worked  for  some  years  at  a  very  great 
furnace,  and  given  satisfaction. 

The  diameter  of  the  blowing  cylinder  is  5  feet,  and  the 
length  of  the  stroke  is  6.  Its  piston  is  loaded  with  Sj  ton. 
It  is  worked  by  a  steam-engine  whose  cylinder  is  3  feet  4 
inches  wide,  with  a  six-feet  stroke.  The  regulating  cylin- 
der is  8  feet  wide,  and  its  piston  is  loaded  with  8J  tons, 
making  about  2,(J8  pounds  on  the  square  inch  ;  and  it  is 
very  nearly  iu  equilibrio  with  the  load  on  the  piston  of 
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theiio-na^cysa*ler.  The  «pwfectng  pipe  EST  it  14 
inssnasndaaanBer,  and  the  critic*  of  the  tuyere  was  If- 
iaahee  when  tk«  e-nrhie  m  ended,  but  it  has  gradually' 
eaaara-ad  by  ■— B  of  the  intense  heet  to  which  it »  ex- 
jMMd.     The  taiWej  valve  ■  landed  with  three  pg—ii  an 

the- square  inch.  

Whoa  the  engine  worked  briskly,  it  made  l6  stroke* 
pel  minote,  and  there  was  always  ranch  air  discharged  by- 
tne  nrJftmg  valve.  When  the  engine  made  Id  strokes  per 
minute,  tan  aahttng  Tilve  epened  hat  seldom,  an  that  taJnajai 
HW  nearly  aajarnad  to  this  supply.  Bach  stroke  of  the' 
Mowing  cylinder  sent  ia  118  cubic  feet  of  caaunoa  air. 
The  eadinsry  ptranare  of  the  air  being  auppcatd  Im- 
pounds on  an  inch,  the  density  of  the  ah-  in  the  regulaBag 

cylinder  must  be  ■■  ,  —1,1783,  the  natural  6W- 

a^  being  1. 

This  machine  gives  an  opportunity  ef  comparing  the  es> 
peace  of  air  with  thu  theory.  It  rauat  (at  the  rate  of  U 
strokes)  expal  DO  cnbie  feet  of  ah*  in  a  aecond  through  a 
hole  of  1|  inches  in  diameter.  This  gives  a  velocity  of 
near  SWOfcet  per  second,  and  of  more  then  1600  feet  fan 
the  condensed  air.  This  is  vastly  greater  than  the  theory 
can  give  or  is  indeed  possible ;  for  ah*  does  net  rash  into  d 
void  with  so  great  velocity.  It  shows  with  great  evidence, 
that  a  vast  quantity  of  ah-  must  escape  roaad  the  two 
pistons.  Their  united  circunricrences  amount  to  above 
40  feet,  and  they  nxrr a  in  a  dry  cylinder.  It  is  impossible 
to  prevent  a  very  great  loss.  Accordingly,  a  candle  held: 
near  the  edge  ef  the  piston  L  has  its  name  very  much  dis>< 
tin-bed.  This  case,  therefore,  gnea  no  held  for  a  calcula- 
tion ;  and  it  saggests  the  propriety  of  attenuating  to  dimi- 
nish this  great  waste. 

This  has  bash  very  inawjjmufily  done  (m  part  at  least) 
at  seme  ether  fornece*  At  Omoafa.  fimodry,  near  Glas- 
gow, the  blowing  cylinder  (ales  worked  by  a  st«an>engine) 
1 
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delivers  its  tir  into  a  ch«st  without  a  bottom,  irfaiak  k  im- 
mersed in  a  large  cistern  of  witter,  and  supported  at  a  small 
height  firm  the  bottom  of  the  cistern,  and  has  a  pipe  from 
its  top  leading  to  the  tuyere.  The  water  stands  about  five 
feet  above  the  lower  brim  of  the  regulating  air-chest,  and 
by  its  pressure  gives  the  most  perfect  unifarmit y  of  blast, 
without  allowing  a  particle  of  air  to  gel  off  by  any  other 
passage  besides  the  tuyere.  .This  is  m  very  effectual  re- 
gulator, and  must  produce  a  great  saving  of  power,  be- 
muse  a  smaller  blowing  cylinder  will  thus  supply  the 
blast  We  have  not  learned  the  diissmrinm  and  per- 
formance of  this  engine.  We  must  observe,  that  the  low 
round  the  piston  of  the  blowing  cylinder  r 


A  blowing  machine  was  erected  many  years  ago  at  Chas- 
tiOon,  in  France,  on  a  principle  considerably  different,  and 
which  must  be  perfectly  air-tight  throughout.  Two  cy- 
linders A,  B  (Fig.  98.)  loaded  with  great  weights,  were 
suspended  at  the  ends  of  the  lever  CD,  moving  round  the 
gudgeon  E.  From  the  top  F,  G  of  each  there  was  a  large 
flexible  pipe  which  united  in  H,  from  whence  a  pine  KT 
led  to  the  tuyere  T.  There  were  valves  at  F  and  G  open- 
ing outwards,  or  into  the  flexible  pipes ;  and  other  valves 
L,  M,  adjoining  to  them  in  the  top  of  each  cylinder  open- 
ing inwards,  but  kept  shut  by  a  slight  spring;  Motion  was 
given  to  the  lever  by  a  machine.  The  operation  of  this 
blowing  machine  is  evident  When  the  cylinder  A  was 
pulled  down,  or  allowed  to  descend,  the  water,  entering  at 
its  bottom,  compressed  the  air,  and  farced  it  along  the 
passage  FHKT.  In  the  meantime,  the  cylinder  B  was 
rising,  and  the  air  entered  by  the  valve  M.  We  see  that 
the  blast  will  be  very  unequal,  increasing  as  the  cylinder 
is  immersed  deeper.  It  is  needless  to  describe  this  ma- 
chine more  particularly,  because  we  shall  give  an  account 
of  one  which  we  think  perfect  in  its  kind,  and  which  leaves 
hardly  any  thing  to  be  desired  in  a  machine  of  this  sort. 
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It  was  invented  by  Mr  John  Laurie,  land-surveyor  is 
Edinburgh,  many  yean  ago,  and  improved  in  now  n> 
-•peels  since  fan  death  by  an  ingenious  person  of  that  city. , 

ABCD  (fig.  99.)  »  ■*>  i™1  cylinder,  truly  bared  with- 
in, and  evasated  a-top  like  a  cup.  EFGH  is  another, 
truly  timed  both  without  and  within,  and  a  snail  matter 
law  than  the  inner:  diameter  of  the  first  cylinder.  This 
eyhaaar  it  rfoaa  stove,  and  hsngs  from  the  end  of  a  lever 
■una  by  a  machine.  It  is  also  loaded  with  weights  at 
N.  KILM  is  a  third  cylinder,  whose  outride  diameter  is 
somewhat  less  than  the  inside  diameter  of  the  second.  Tina 
inner  cylinder  is  fixed  to  the  same  bottom  with  the  outer 
cylinder.  The  middle  cynnder  in  loose,  and  con  more  up 
and  down  between  the  outer  and  inner  cylinders,  without 
rubbing  on  either  of  them.  The  iimer  cylinder  ia  per- 
forated from  top  to  bottom  by  three  pipes  OQ,  SV,  PB. 
The  pipes  OQ,  PR  hare  valves  at  their  upper  ends  O,  P, 
and  communicate  with  the  external  air  below.  •  The  pipe 
■SV  has  a  horizontal  part  VW,  which  again  tuirsUpwsraa, 
and  has  a  valve  at  top  X.  This  upright  part  WX  is  in 
duo  middle  ofa  cistern  of  water  fbhg.  Into  thai  cistern 
ia  fixed  an  air-chest  a  YZ  b,  open  below,  and  having  at 
top  a  pipe  c  de  terminating  in  the  tuyere  at  the  furnace. 

When  the  machine  is  at  rest,  the  valves  X,  O,  F,  are 
stmt  by  their  own  weights,  and  the  air-chest  is  full  of  wa- 
ter. When  things  are  in  this  state,  the  middle  cylinder 
EFG-H  is  drawn  ,up  by  the  machinery  till  its  lower  brims 
¥  and  G  are  equal  with  the  tap  RM  of  the  inner  cylinder. 
Now  pour  in  water  or  oil  between  the  outer  and  middle 
cylinders :  it  will  run  down  and  fill  the  space  between  the 
outer  and  inner  cylinder*  Let  it  come  to  the  top  of  the 
inner  cylinder. 

Now  let  the  loaded  middle  cylinder  descend.  It  cannot 
do  this  without  compressing  the  air  which  it  between  its 
top  and  the  top  of  the  inner  cylinder.  This  sir  being  com- 
pressed will  cause  the  water  to  descend  between  the  inner 
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and  middle  cylinder*,  Ad  rite  between  the  Middle  sod 
outer cylinders,  epread  nig  into  the  eup  vend  as  lee  middle 
cylinder  adfanoei  downwards,  the  water  nil  descend  ser- 
aWwiaunit  aad  jib*  father  irihanitit  When  it  hu  got 
pi  Ac  down,  and  the  wr  ku  been  m  *jueh  anoind, 
that  the  dr&eenoe  between  the  surface  of  the  mttt  an  the 
wade  and  <6atside  of  *i»  cyfader  ia  greater  than  the 
depth  df  water  h.hteui  X  and  the  surface  of  the  water  fgt 
air  wffl  go  out  by  the  pipe  SVW,  and  will  ledge  n  nwe 
.sirdwa^aadwiH-nanein  there  if  c  be  abut,  which  w«  shall 
suppose  for  the  present  Puahing  ciawa.dw  naiddfeeiyhV- 
d*r  tiU.the  paititiim  tooth  the  lap  of  the uaner  cyhader, 
all  the  air  which  waa  formerly  between  them  will  hemmed 
into  the  arr-cbest,  ™«1  wiBdrn»e«at  water  await  Dear 
up  the  ndddle  cjfcaafciy  and  the  external  as  will  open  the 
.♦sites.  G,  P,  and  again  til)  the  apace  between  the  nanhlb 
t&dhmer cylinders;  for  the Talwt  X  nil  !*hut,  and  fnw- 
.rent  she regseasnf  the  acaneneed  air.  By  punning  down 
jhn  nnanlleewanner  a  second  wine,  nune  air  wtB  be  sereed 
auto  the  airafaeat*  and  it  will  at  test  escape  by  gettb*/  «g 
between  rts  brims  Y,  Z,  and  the  bottom  of  the  etatem;  ur 
if  we  open  thepaaeage  c,  it  win  pam  sine*  the  cendnkcde 
to  the  tuyere,  and  fann  a  blest 

The,tiperatian  of  Una  raachine  ia  ljttwWw>  lar  HnwnWa 
nsrioksaW  pump  described  by  Deaaginian  at  the  end  of 
the  aecond  volarae  of  lea  Eipenmeeaal  Phikwephy.  'She 
soree  whtca  condenses  the  air  ia  the  load  on  the  middle  cy- 
linder. The  uee  df  the  water  between  the  inner  and  enter 
cylinder*  u  to  pneveot  this  air  from  escaping;  and  the  inner 
syiinder  thus  perfertn*  the  office  of  a  piston,  having  no 
Jntcnoo.  It  ia  11  infantry  that  the  length  of  the  outer  and 
middle  cylinders  be  greater  than  the  depth  of  the  «• 
gnlatowasttrn,  that  there  may  he  aaeSoient  height  far 
the  water  te.rika  between  the  njeddts  and'  enter  eyhnacrs, 
to  balance  the  oompresaed  air,  and  oblige  it  to  go  into  the 
air-cheat.    A  large  blasb-iumaee  will  acquire  ll>e  regulaton 


KibyGoogle 


pxiuMAa-ies.  791 

cistern  five  feet  deep,  and  the  cylinders  about  ek  or  ieyen 
feet  long.       ■ 

It  ia  in  fact  a  pump  without  friction,  and  is  perfectly 
air-tight  The  ■quickness  of  its  operation  depends  on  the 
small  space  between  the  .middle  cylinder  and  the  two 
•then)  nod  this  is  the  only  use  of  these  two.  Without 
these  it  would  be  similar  to  the  engine  at  Chastilkra,  and 
operate  more  unequally  and  slowly.  Its  only  imperfection 
is,  that  if  the  cylinder  begin  its  motion  of  ascent  or  descent 
vapidly,  as  k  will  do  when  worked  by  a  strata-engine,  there 
urill  be  some  danger  of  water  dariMM  over  the  top  of  the 
inner  cylinder  and  getting  into  the  pipe  SV;  but  should 
this  happen,  an  issue  can  easily  be  contrived  for  it  at  V, 
psSered  with  m  loaded  valve  v.  This  will  never  happen  if 
the.  eybader  m  moved  by  a  crank. 

One  blowing  cylinder  only  is  represented  here,  but  two 
may  be  used. 

We  do  not  hesitate  in  recommending  this  form  of  bel- 
lows as  the  most  perfect  of  any,  and  fit  for  all  uses  where 
standing  bellows  are  required.  They  will  be  cheaper  than 
any  other  sort  fit  for  common  purposes.  For  a  common 
smith's  forge  they  may  be  made  with  square  wooden  boxes 
instead  of  cylinders.  They  ace  also  easily  repaired.  They 
are  perfectly  tight ;  and  they  may  be  made  with  a  blast 
almost  perfectly  uniform,  by  making  the  cistern  in  which  - 
the  air-chest  stands  of  considerable  dimensions.  When 
this  is  the  case,  the  height  of  water,  which  regulates  the 
blast,  will  vary  very  little. 

This  may  suffice  for  an  account  of  blast  machines.  The 
leading  parts  of  their  construction  have  been  described  as 
far  only  as  was  necessary  for  understanding  their  opera- 
tion, and  enabling  an  engineer  to  erect  them  in  the  most 
-commodious  manner.  Views  of  complete  machines  might 
have  amused,  but  they  would  not  have  added  to  our 
reader's  information. 

But  the  account  is  imperfect,  unless  we  show  how  then- 
parts  may  be  so  proportioned  that  they  shall  perform  what 
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is  expected  from  them.  The  engineer  should  know  what 
size  of  bellows,  and  what  load  oti  the  board  or  piston,  and 
what  size  of  tuyere,  will  give  the  blast  which  the  service 
requires,  and  what  force  must  be  employed  to  give  than 
the  necessary  degree  of  motion.  We  shall  accomplish 
these  purposes  by  considering  the  efflux  of  the  compressed 
air  through  the  tuyere.  The  propositions  formerly  de- 
livered will  enable  us  to  ascertain  this. 

That  we  may  proportion  every  thing  to  the  power  em- 
ployed, we  roust  recollect,  that  if  the  piston  of  a  cylinder 
employed  for  expelling  air  be  pressed  down  with  any  farce 
p,  it  must  be  considered  as  superadded  to  the  atmospheric 
pressure  P  on  the  same  piston,  in  order  that  we  may  com- 
pare the  velocity  v  of  efflux  with  the  known  velocity  V  with 
which  air  rushes  into  a  void.     By  what  has  been  formerly 

delivered,  it  appears' that  this  velocity  v  =  V  X  ./ ^— f 

where  P  is  the  pressure  of  the  atmosphere  on  the  piston, 
and  p  the  additional  load  laid  on  it.  This  velocity  is  ex- 
pressed in  feet  per  second ;  and,  when  multiplied  by  the 
area  of  the  orifice  (also  expressed  in  square  feet),  it  will 
give  us  the  cubical  feet  of  condensed  air  expelled  in  a  se- 
cond ;  but  the  bellows  are  always  to  be  filled  again  with 
common  air,  and  therefore  we  want  to  know  the  quantity 
of  common  air  which  will  be  expelled ;  for  it  is  this 
which  determines  the  number  of  strokes  which  must 
be  made  in  a  minute,  in  order  that  the  proper  supply 
'  may  be  obtained.  Therefore  recollect  that  the  quantity 
expelled  from  a  given  orifice  with  a  given  velocity,  is  in  the 
proportion  of  the  density ;  and  that  when  D  is  the  density 
of  common  air  produced  by  the  pressure  P,  the  density  d 

produced  by  the  pressure  P+n,  is  D  X  — „-? ;  or  if  D  be 

made  1,  we  have  d  =  — ~^. 
Therefore  calling  the  area  of  the  orifice  expressed  in 
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square  feet  O,  and  the  quantity  of  common  air,  or  the 
cubic  feet  expelled  in  a  second  *},  we  have  Q  —  VxOx 

Y+p\  x     P  ■ 

It  will  be  sufficiently  exact  for  all  practical  purposes  to 
suppose  P  to  be  15  pounds  on  every  square  inch  of  the  pis- 
ton ;  and  p  is  then  conveniently  expressed  by  the  pounds 
of  additional  load  on  every  square  inch :  we  may  also  take 
V  =  lSSS  feet. 

As  the  orifice  through  which  the  air  is  expelled  is  gene- 
rally very  small,  never  exceeding  three  inches  id  diameter, 
it  will  be  more  convenient  to  express  it  in  square  inches ; 
which  being  the  ^  of  a  square  foot,  we  shall  have  the 

cubic  feet  of  common  ah*  expelled  in  a  second,  or  Q  s-t  -jaT 

and  this  seems  to  be  as  simple  an  expression  as  we  can  ob- 
tain. 

This  will  perhaps  be  illustrated  by  taking  an  example  in 
numbers.  Let  the  area  of  the  piston  be  four  square  feet, 
and  the  area  of  the  round  hole  through  which  the  air  is  ex- 
pelled be  two  inches,  its  diameter  being  1,6,  and  let  the 
load  on  the  piston  be  1728  pounds :  this  is  three  pounds  on 
every  square  inch.    We  have  P  =  15,  p  =  3,  P  +p  =  lS, 


ya 


and  0  =  2 ;  therefore  we  will  have  Q  =  9x9£5x 

—,=  9,053  cubic  feet  of  common  air  expelled  in  a  second. 

This  will  however  be  diminished  at  least  one-third  by  the 
.  contraction  of  the  jet ;  and  therefore  the  supply  will  not 
exceed  six  cubic  feet  per  second.  Supposing  therefore  that 
this  blowing  machine  is  a  cylinder  or  prism  of  this  dimen- 
sion in  its  section,  the  piston  so  loaded  would  (after  having 
compressed  the  air)  descend  about  15  inches  in  a  second :  it 
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wxaiid  ft*  sink  }  of  the  whole  Length  of  the  cylinder  gwetty 
suddenly,  til  it  kid  redflcerl  the  air  fas  the  deumtj  i£»  .and 
would  then  descend  uniformly  at  the  above  rate,  expelling 
six  cubic  feet  of  common  air  in  a  second. 

The  computation  is  made  much  in  the  same  way  for  bet- 
lows  of  the  common  form,  with  this  additional  circum- 
stance, that  as  the  loaded  board  mores  round  a  hinge  at 
one  end,  the  pressure  of  the  load  must  be  .calculated  ac- 
cordingly. The  computation,  however,  becomes  a  little 
intricate,  when  the  form  of  the  loaded  board  is  not  rectan- 
gular ;  it  is  almost  useless  when  the  bellows  have  flexible 
sides,  either  like  smith's  bellows  or  like  organ  bellows,  be- 
cause the  change  of  figure  during  their  motion  makes  con- 
tinual variation  on  the  compressing  powers.  It  is  therefore 
chiefly  with  respect  ia  the  great  wooden  bellows,  of  which 
the  upper  board  slides  down  between  the  sides,  that  the 
above  calculation  is  of  service. 

The  propriety  however  of  this  piece  of  information  is 
evident ;  we  do  not  know  precisely  the  quantity  of  air  ne- 
cessary for  animating  a  furnace ;  but  this  calculation  tells 
us  what  force  must  be  employed  for  expelling  the  air  that 
may  be  thought  necessary.  If  we  have  fixed  on  the  strength 
of  the  mast,  and  the  diameter  of  the  cylinder,  we  learn  the 
weight  with  which  the  piston  must  be  loaded ;  the  length 
of  the  cylinder  determines  its  capacity,  the  above  calcula- 
tion tells  the  expense  per  second ;  hence  we  have  the  time 
of  the  piston's  coming  to  the  bottom.  This  gives  us  the 
number  of  strokes  per  minute.:  the  load  must  be  lifted  up 
by  the  machine  this  number  of  times,  making  the  time  of 
ascent  precisely  equal  to  that  of  descent ;  otherwise  the  ma- 
chine will  either  cajch  and  sup  the  descent  of  the  piston, 
or  allow  it  to  ke  inactive  for  a  while  of  each  stroke.  These 
circumstances  determine  the  labour  to  be  performed  by  the 
machine,  and  it  must  be  constructed  accordingly.  Thus 
the  engineer  will  not  be  affronted  by  its  failure,  nor  will 
he  expend  needktss  power  and  cost. 
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la  MtofciMt  which  feme  the  piston  or  baUewsJword  wi* 
•  ocwtdin  ddtnawwd  motion,  different  Smqi  what  arise* 
ftem  their  «w»  weight,  the  oanputation  is  extremely  intis- 
pala.  When  a  piston  moves  by  a  crank,  it*  uotiwi  at  the 
btjprtHDg  and  eftd  of  eAeh  sttske  is  ab»w,  and  the  cotnpres- 
sion  and  dffl«  is  odntinuaUy  bunging :  ws  am  however 
approximate  to  *  statement  of  the  ibrge  required. 
. .  .Every  tiaic  the  suMb  is  dmwa  op,  a  certain  apace  of 
ffee  flyhoder  is  £Ucd  again  ftith  iu>  of  the  ammion  density ; 
tntt  dim  le  efcpelltd  dniiof  the  detent  of  the  piston.  A 
certain  dumber  of  cubic  feet  of  common  air  is  therefore  ex- 
pelled with  a  velocity  which  perhaps  cootiauaUy  varies ; 
but  theft  is  A  medium  velocity  with  whioh,  it  might  have 
been  *niioamly  expelled,  and  a  pressure  cctreapending'  to 
Jthie  velocity.  To  find  this,  divide  the  area  of  the  piston 
kf  *h»  aatf  of  the  blaaj  hale  («  rather  by  this  aMamlts- 
piied  by  Q,G18»  it)  order  to  take  in- the  effect  of  the  con- 
tracted jet),  and  multiply  the  length  of  the  stroke  perform- 
ad  in  a aeeand  by  the  -quotient  arising  feoui  this  division; 
the  pnaduct  is  the  ttedwm  velocity  nf  the  sir  (of  the  natu- 
ral density).  When  find  by  ealpUatioti  the  height  through 
which  a  hakvy  body  oust  fail  id  o*der  to  aousnrc  this  ye> 
Jaeity  {  this  is  Ike  ht%ht  of  a  column  of  homogeneous  air 
•whiou  would  expel  it  .with  this  velocity.  The  weight  of 
this  ostafeBO  is  the  feast  force  that  oan  be  exertnd  by  the 
engine:  but  this  force  is  K»  small  to  overcome  the  resist- 
ance in  the  middle  of  the  stroke,  and  it  is  too  great  oven 
for  the  end  of  Um  stroke*  and  moch  too  great  lor  the  be- 
gtmungof  it.  But  if  the  machine  is  turned  by  a  very  heavy 
water- wheels  this  will  act  as  a  regulator,  accumulating  in 
itself  the  superfluous  force  during  the  too  favourable  poaU 
tiohs  of  the  crank,  and  exerting  it  by  its  vis  UuUtt  during 
the  tune  «f  greatest  effort  A  finM  not  gseatly  exceeding 
the  weight  of  this  column  of  air  will  therefore  suffice.  On 
the  other  hand,  if  the  strength  of  the  blast  be  determined, 
which  is  the  general  state  of  the  problem,  this  determines 
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the  degree  of  condensation  of  the  mt,  and' the  kind  on  the 
square  inch  of  the  piston,  or  the  mean  fere*  which  the  row- 
chine  mast  exert  on  it.  A  table,  which  win  be  given  pre- 
sently, determines  the  cubic  feet  of  common  air  expelled  in 
a  second,  corresponding  to  this  load.  This  combined  with 
the  proposed  dimensions  of  the  cylinder,  will  give  the  de- 
scent of  the  piston  or  the  length  of  the  stroke. 

These  general  observations  apply  to  all  forms  of  bel- 
lows ;  and  without  a  knowledge  of  them  Ho  person  cant 
erect  a  machine  for  working  them  without  total  uncertainty 
or  servile  imitation.  In  order,  therefore,  that  they  may 
be  useful  to  such  as  are  not  accustomed  to  the  management 
of  even  these  simple  formula;,  we  insert  the  following  short 
table  of  the  velocity  and  quantity-  of  air  discharged  from  a 
cylinder  whose  piston  is  loaded  with  the  pounds  contained 
in  the  first  column  on  every  square  inch.  The  second 
column  contains  the  velocity  with  winch  the  eondautd  air 
rushes  out  through  any  matt  hole ;  and  the  third  column 
is  the  cubic  feet  discharged  from  a  hole  whose  area  is  a 
square  inch ;  column  fourth  contains  the  mean  velocity  of 
air  of  the  common  density;  and  column  fifth  is  the  cubic 
feet  of  common  air  discharged ;  the  sixth  column  is  the 
height  in  inches  at  which  the  force  of  the  Mast  would  sup- 
port a  column  of  water  if  a  pipe  were  inserted  into  the  side 
of  the  cylinder.  This  is  an  extremely  proper  addition  to 
such  mechanics,  showing  at  all  times  the  power  of  the  ma- 
chines, and  teaching  us  what  intensity  of  blast  is  employed 
for  different  purposes.  The  table  is  computed  from  the 
supposition  that  the  ordinary  pressure  of  the  air  is  15 
pounds  on  a  square  inch.  This  is  somewhat  too  great, 
and  therefore  the  velocities  are  a  little  too  small ;  but  the 
quantities  discharged  will  be  found" about  s  too  great  (with- 
out affecting  the  velocities)  on  account  of  the  convergency 
of  the  stream. 
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Ttiis  table  extends  far  beyond  the  limits  of  ordinary  uw, 
very  few  blast-furnaces  having  a  force  exceeding  60  inches 
of  water.  ' 

We  shall  conclude  this  account  of  blowing  machines 
with  a  description  ofa  small  one  for  a  blow-pipe.  (Fig.  100.) 
F.FGH  is  a  vessel  containing  water,  about  two  feet  deep. 
ABCD  is  the  air-box  of  the  blower  open  below,  and  hav- 
ing a  pipe  ILK  rising  up  from  it  to  a  convenient  height ; 
an  arm  ON  which  grasps  this  pipe  carries  the  lamp  N  :  the 
blow-pipe  LSI  comes  from  the  top  of  the  upright  pipe. 
FEQ  is  the  feeding  pipe  reaching  near  to  the  bottom  of 
the  vessel. 

Water  being  poured  into  the  vessel  below,  and  its  cover 
being  put  on,  which  fits  the  upright  pipe,  and  touches  two 
studs  a,  a,  projecting  from  it,  blow  in  a  quantity  of  air  by 
the  feeding  pipe  PQ ;  this  expels  the  water  from  the  air- 
box,  and  occasions  a  pressure  which  produces  the  blast 
through  the  blow-pipe  M. 

In  a  former  paragraph  of  this  article,  we  mentioned  an 
application  which  has  been  made  of  Hero's  fountain,  at 
Chemnitz,  in  Hungary,  for  raising  water  from  the  bottom 
of  a  mine.  We  shall  now  give  an  account  of  this  very  in- 
genious contrivance.  , 

In  Fig.  101.  B  represents  the  source  of  water  elevated 
above  the  mouth  of  the  pit  136  feet  From  this  there  is 
led  a  pipe  BoCDE  four  inches  diameter.  This  pipe  enters 
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the  top  of  a  copper  cylinder  be  At,  8j  feet  high,  fire  feet 
diameter,  and  two  indies  thick,  and  it  reaches  to  within 
four  inches  of  the  bottom ;  it  has  a  cock  at  C.  This  cy- 
linder has  a  cocfc  at  P,  and  a  very  large  one  it  E-  Fran 
the  top  b  c  proceeds  a  pipe  GHH'  two  inches  in  diameter, 
winch  goes  don  the  pit  9?  feet,  and  is  inserted  into  the 
top  of  another  brass  cylinder  fg  h  i,  which  ia  6|  feet  high, 
four  feet  diameter,  and  two  inches  thick,  containing  83 
cubic  feet,  which  ia  very  nearly  one  half  of  the  capacity  of 
the  other,  viz.  of  170  cubic  feet  There  is  another  pipe 
NI  of  four  inches  diameter,  which  rises  from  within  four 
inches  of  the  bottom  of  this  lower  cylinder,  is  soldered!  in- 
to its  top,  and  rises  to  the  trough  NO,  which  carries  off 
the  water  from  the  mouth  of  the  pit.  This  lower  cylin- 
der communicates  at  the  bottom  with  the  water  L  which 
collects  in  the  drains  of  the  mine.  A  large  cock  K  serves 
to  admit  or  exclude  this  water ;  another  cock  M,  at  the 
top  of  this  cylinder,  communicates  with  the  external  air. 

Now  suppose  the  cock  C  abut,  and  all  the  rest  open  ; 
the  upper  cylinder  will  contain  air,  and  the  lower  cylinder 
will  be  filled  with  water,  because  it  h  sunk  so  deep  that  its 
top  is  below  the  usual  surface  of  the  mine-waters.  Now 
shut  the  cocks  F,  E,  M,  K,  and  open  the  cock  C.  The 
water  of  the  source  B  must  run  in  by  the  orifice  D,  and 
rise  in  the  upper  cylinder,  compressing  the  air  above  it 
and  along  the  pipe  GHH',  and  thus  acting  on  the  surface 
of  the  water  in  the  lower  cylinder.  It  will  therefore  cause 
it  to  rise  gradually  in  the  pipe  IN,  where  it  will  always  he 
of  such  a  height  that  its  weight  balances  the  elasticity  of 
the  compressed  air.  Suppose  no  issue  given  to  the  air  from 
the  upper  cylinder,  it  would  be  compressed  into  |th  of  its 
bulk  by  the  column  of  136  feet  high ;  for  a  column  of  34 
feet  nearly  balances  the  ordinary  elasticity  of  the  air. 
Therefore  when  there  is  an  issue  given  to  it  through  the 
pipe  GHH,  it  will  drive  the  compressed  air  along  this  pipe, 
and  it  will  expel  water  from  the  lower  cylinder.     When 


KibyGoogle 


nmniAncs.  199 

the  upper  cylinder  is  full  ef  inter,  there  wjl)  be  84  cubic 
feet  efWutnr  expelled  from  the  lower  cylinder.  Ifthepipe 
IN  hid  been  Here  than  139  feet  long,  the  water  would 
here  risen  130  feet,  being  then  in  equnrbria  with  the  water 
in  the  feeding  pipe  B*CJ>(m  WWn  ahwady  shown), by 
the  intervention  of  the  elastic  air ;  nue.no  mere  water  mU 
have  been  expelled  from  the  lower  eylindsr  than  what  Alb 
this  pipe.  Bat  the  pipe being-  only  96  feet  high,  the  water 
will  be  thrown  oat  at  N  with  •  very  gnat  velocity.  If  it 
wen  not  for  the  gnat  obstructions  which  water  and  air 
most  meet  within  their  passage  along  pipes,  it  would  issue 
at  N  with  a  Telocity  of  moire  than  00  feet  per  second.  It 
issues  much  more  slowly,  and  at  last  the  upper  cylinder  is 
fwtt  of  water,  and  the  water  wouM  enter  the  pipe  GH  and 
enter  the  Lower  cylinder,  and  without  displacing  the  air  in 
it,  would  rise  through  the  discharging  pipe  IN,  and  run 
offtowaste.  To  prevent  this  there  hangs  in  the  pipe  H<* 
n  cork  ball  or  double  eone,Jby  a  brass  wire,  which  is  guid- 
ed by  hole*  in  two  cross  pieces  in  the  pipe  HG.  When 
the  upper  cylinder  is  fitted  with  water,  this  cork  plugs  up 
the  onto*.  G,  and  n»  water  is  wasted?  the  untax,  at  D 
now  stops.  But  the  lower  cylinder  contains  oompreued 
air,  which  would  balance  water  in  n  discharging  pine  130 
feet  high,  whereas  IN  is  only  9*3.  Therefore  the  water 
will  continue  to  flow  at  N  sill  the  air  has  so  far  expanded 
as  to  befenee  only  96  feet  of  water,  that  is,  till  it  occupies 
i  <if  ha  ordinary  bulk,  that  is,  $  of  the  capacity  of  the  up- 
per cylinder,  or  4*t  cnfcsc  Feet  Therefore  436,  cubic  feet 
will  be  expelled,  and  the  earns  at  N  will  cense;  end  the 
lower  cylinder  is  about  J  ruH  of  water.  Whan  the  attend- 
any  wcrfanon  ohantaat  this,  he  shuts  the  cook  C.  He  might 
Hare  dene  this  before,  had  he  known  when  the  orifice  O 
was  stopped;  bat  no  lens  ensues  from  the  delay.  At  the 
mne  time  the  attendant  opens  the  cock  E,  the  water  issues 
with  great  violence,  being  pressed  by  the  condensed  air 
from  the  lower  cylinder.    It  therefore  issues  with  the  sum 
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of  its  own  weight  and  of  this  compression.  Tbeae  gradu- 
ally decrease  together,  by  the  efflux  of  the  water  and  the 
expansion  of  the  air ;  but  this  efflux  •tope  before  all  the 
water  has  flowed  out ;  for  there  is  4%,  feet  of  the  lower; 
cylinder  occupied  by  air.  This  quantity  of  water  remain*, 
therefore,  in  the  upper  cylinder  nearly :  the  workman 
knows  this,  because  the  discharged  water  is  received  first 
of  all  into  a  vessel  containing  £  of  the  capacity  of  the  upper 
cylinder.  Whenever  this  is  filled,  the  attendant  opens  the 
«ock  K  by  a  long  rod  which  goes  down  the  shaft ;  this  al- 
lows the  water  of  the  mine  to  fill  the  lower  cylinder,  allows 
the  sir  to  get  into  the  upper  cylinder,  end  this  allows  the 
remaining  water  to  run  out  of  it 

And  thus  every  thing  is  brought  into  its  first  condition ; 
and  when  the  attendant  sees  no  more  water  come  oat  at  JS, 
he  shuts  die  cocks  E  and  M,  and  opens  the  cock  C,  and 
the  operation  is  repeated. 

There  is  a  very  surprising  appearance  in  the  working  of 
this  engine.  When  the  efflux  at  N  has  stopped,  if  the 
cock  F  be  opened,  the  water  and  air  rush  out  together 
with  prodigious  violence,  and  the  drops  of  water  are  chang- 
ed into  hail  or  lumps  of  ice.  It  is  a  sight  usually  shown 
to  strangers,  who  are  desired  to  hold  their  hats  to  receive 
the  blast  of  air :  the  ice  comes  out  with  such  violences*  fre- 
quently to  pierce  the  hat  like  a  pistol  bullet  This  rapid 
congelation  is  a  remarkable  Instance  of  the  general  facf^ 
that  air  by  suddenly  expanding,  generates  cold,  its  capa- 
city for  heat  being  increased.  Thus  the  peasant  cools  his 
broth  by  blowing  over  the  spoon,  even  from  warm  lungs; 
a  stream  of  air  from  a  pipe  is  always  coaling. 

The  above  account  of  the  procedure  in  working  this 
engine  shows  that  the  efflux  both  at  N  and  fi  becomes  very 
slow  near  the  end.  It  is  found  convenient  therefore  not 
to  wait  for  the  complete  discharges,  but  to  turn  the  cocks 
when  about  30  cubic  feet  of  water  have. been  discharged 
at  N :  more  work.  U  done  in  this  way.     A  gentleman  of 
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gust  aeeuraey  and  knowledge  of  those  subjects  took  the 
trouble^  at  cur  desire,  of  noticing  particularly  the  pcrforftj- 
ance  of  the  machine  He  observed  that  each  stroke*  as  it 
may  be  called,  took  up  about  three  minutes  and  ( |  tad 
that  38  cubic  BMC  of  water  were  discharged  at  N,  and  66 
were  expended  at  E-  The  expense  rherefbre  i»  66  feet  of 
water  flung  18ft  feet,  and  the  performance  is  88  avid 
So,  and  they  are  m  the  proportion  of  64x188  to  88x98; 
or  of  1  to  0,8488,  op  neatly  as  3  to  1.  Tbia  is  superior  to 
tike  performance  of  the  moat  perfect  undershot  mitt,  nana 
when  all  friction  aad  irregular  obstruction  s  an  neglected ; 
and  is  sot  asucb  mferiur  to  any  overahot  pump>null  that 
has  yet  bean  er*ctodV  When  we  reflect  en,  the  great  ob> 
atrueaona  which  water  meet*  with  in  its  passage  through 
\oog  pipe*,  we  stay  be  aanuad  that,  by  doubling  the  aiae 
of  the  feeder  and  discharger,  the  performance  of  the  ma- 
chine w81  ha  greedy  iiaprored ;  we  de>  not  hesitate-  to  say, 
.  that  k  would  ha  increased  T  :  k  is  true  that  it  will  expend 
more  water ;  but  this  will  not  be  nearly  in  the  wane  pee- 
poruen;  for  moat  of  the  dcfiuency  of  the  machine  arises 
from  the  needfcm  veJueky  of  the  firat  cflm  at  R  The 
dMcfcarging  pipe  oagbt  te>be  lift  feet  high,  and  not  give 
sensibly  lew  water. 

Then  h  meat  be  considered  bow  inferior  m  original  ex- 
pense this  simple  machine  must  be-to  a  null  of  any  kind 
which  would  raise  10  cubic  feet  96  feet  high  in  s  minute, 
and  bow  anum  the  repair*  on  it  need  be,  when  sontonrad 
with  n  null. 

And,  buoy,  let  it  be  naticen,  that  such  a  machine  can 
be  used  where  no  mill  whatever  can  be  put  in  motion,  A 
annul  stream  of  water,  which  would  not  move  any  kind  of 
wheel,  wiU  here- raise  s  of  ha  own  quantify  to  the  same 
height ;  working  as  fast  as  it  is  supplied. 

For  alt  these  reasons,  we  think  that  the  Hungarian  ma- 
chine eminently  deserves  the  attention  of  mathematician* 
and  engineers,  to  bring  it  to  its  utmost  perfection^  and  inn* 
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general  use.  There  are  situations  where  this  land  of  ma- 
chine may  be  very  useful.  Thus,  where  the  tide  rises  17 
feet,  it  may  be  used  for  compressing  air  to  J  of  its  bulk; 
and a  pipe  leading  from  a  very  large  vessel  inverted  is  it 
may  be  used  tor  raising  the  water  from  a  vessel  of 
}  of  its  capacity  17  feet  high;  or  if  this  vessel  has  only  A 
of  the  capacity  of  the  large  one  set  in  the  tide-way,  two 
pipes  may  be  led  from  it ;  one  into  the  small  vessel,  and 
the  other  into  an  equal  vessel  16  feet  higher,  which  receives 
the  water  from  die  first  Thus  ■&  of  the  water  may  be 
raised  94  feet,  and  a  smaller  quantity  to  a  still  greater 
height  t  and  this  with  a  kind,  of  ■  power  that  can  hardly  be 
applied  in  any  other  way.  Machines  of  this  kind  are  de- 
scribed by  Bchottus,  Sturraius,  Leupold,  and  other  old 
writers ;  and  they  should  not  be  forgotten,  because  oppor- 
tunities may  offer  of  making  them  highly,  useful.  A,  gen- 
tleman's house  in  the  country  may  thus  be  supplied  with 
water  by  a  machine  that  will  cost  little,  and  hardly  go  oat 

The  last  pneumatical  engine  winch  we  shall  speak  of  at 
present' is  the  common  fanners,  used  for  winnowing  grain, 
and  for  drawing  air  out  of  a  room  i  and  we  have  but  few 
observations  to  make  on  them. 

The  wings  of  the  tanners  are  enclosed  in  a  cylinder  or 
drum,  whose  circular  sides  have  a  large  opening  BDE 
{Fig.  102.)  round  the  centre,  to  admit  the  air.  By  turning 
the  wings  rapidly  round,  the  air  is  hurried  round  along 
with  them,  and  thus  acquires  a  centrifugal  tendency,  by 
whiehit  presses  strongly  on  the  outer  rim  of  the  drum : 
'  this  is  gradually  detached  from  the  circle  as  at  EI,  and 
terminated  in  a  trunk  IHGF,  which  goes  off  in  a  tangen- 
tial direction ;  the  air  therefore  is  driven .  along  this  pas- 
sage. 

If  the  wings  were  disposed  in  planes  passing  through 
the  axis  C,  the  compression  of  the  air  by  their  anterior  sur- 
face would  give  it  some  tendency  to  escape  in  every  direc- 
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tion,  and  would  obstruct  in  some  degree  the  arrival  of 
move  air  through  the  side-boles.  They  are  therefore  re- 
clined a  Utile  backward,  as  represented  in  the  figure.  It 
may  be  shown  that  their  best  form  would  be  that  of  a  hy- 
perbolic spiral  a  b  c ;  but  the  straight  form  approaches  suf- 
ficiently near  to  the  most  perfect  shape. 

How  much  labour  is  lost,  however,  in  carrying  the  air 
round  those  parts  of  the  drum  where  it  cannot  escape. 
The  Tanners  would  either  draw  or  discharge  almost  twice . 
as  much  air  if  an  opening  were  made  all  round  one  aide. 
This  could  be  gradually  contracted  (where  required  for 
winnowing)  by  a  surrounding  cone,  and  thus  directed 
against  the  fallen  grain:  this  has  been  verified  by  actual  trial. 
When  used  for  drawing  air  out  of  a  room  foe  ventilation, 
it  would  be  much  better  to  remove  the  outer  side  of  the 
drum  entirely,  and  let  the  air  fly  freely  off  on  all  sides ; 
but  the  flat  sides  are  necessary,  in  order  to  prevent  the  air 
from  arriving  at  the  fanners  any  other  way  but  through  the 
central  holes,  to  which  trunks  should  be  fitted  leading  to 
the  apartment  which  is  to  be  ventilated. 


END  OF  V0I.UM8  THUD. 
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